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Barley yellow dwarf virus (B YDV) is an important pathogen of cereal crops. It has a 
single-stranded positive sense genomic RNA (gRNA), 5.7 kilobases. During infection of a 
plant cell, B YDV generates a nested set of three subgenomic mRNAs (sgRNAs) for 
expression of its 3'-proximal genes. The goal of this study was to map and characterize cis-
acting RNA signals involved in transcription and replication of B YDV RNA. Three sgRNA 
promoters and the 3' origin of replication were characterized. The sgRNA 1 promoter was 
mapped to a 98 nt region that contains two stem-loop structures. A combination of primary 
and secondary structural elements was required for promoter activity. Most of the promoter 
sequence (75 nt) is located upstream of the transcription initiation site. In contrast, sgRNA2 
and sgRNA3 promoters contained the majority of their sequences downstream of the sgRNA 
start sites. SgRNA2 promoter was mapped to a 143 nt region predicted to fold into a 
cloverleaf-like stmcture. SgRNA3 promoter is 44 nt long and was predicted to form a 
hairpin and a single-stranded RNA region. Sequence and structure comparisons of the three 
subgenomic promoters did not reveal any similarities indicating that transcription of B YDV 
sgRNAs is controlled by extremely different cis-elements. 
The 3' origin of replication of BYDV capable of supporting a basal level of 
replication was mapped to the 104 3' terminal nucleotides. Based on the computer 
prediction, phylogenetic and mutational analysis, and nuclease sensitivity assays, this region 
forms four stable stem-loop structures (SL1-SL4, 3' to 5') that contain terminal GNRA and 
UNCG tetraloops. Each stem-loop was indispensable for virus replication according to 
results of deletion mutagenesis. Loop sequences of SLl and SL2 were not important for 
V 
replication, whereas loops of SL3 and SL4 preferred the GNRA consensus sequence. RNA 
secondary structure and not the primary sequence of the stems in SLl through SL4 is 
important for viral RNA replication in oat protoplasts. 
Characterization of the cis-acting elements required for transcription and replication 
of BYDV is an important step towards better understanding of the basic mechanisms of the 
viral life cycle, which may help in development of new antiviral strategies. 
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CHAPTER 1. GENERAL INTRODUCTION 
Luteoviridae 
Members of the family Luteoviridae are single-stranded positive sense RNA viruses 
that form icosahedral virions, approximately 25-30 nm in diameter (86). Based on their 
genome organizations, serological, cytopathological and other properties, the Luteoviridae 
are divided in three genera; Luteovirus, Polerovirus, and Enamovinis (78). Viruses that 
belong to the three genera share highly homologous genes for the coat protein and its 
readthrough extension, which has been implicated in aphid transmission. This accounts for 
their serological relatedness, similarity of virion morphology and means of transmission. 
Based on these features, these viruses have been grouped into the family Luteoviridae. On 
the other hand, the genes that encode viral RNA-dependent RNA polymerases (RdRp) are as 
unrelated as they could be. The RdRp of the members of the genus Luteovirus belongs to the 
carmo-like virus supergroup (supergroup 2), whereas those of the genera Polerovirus and 
Enamovirus belong to the sobemo-like supergroup (supergroup 1) (60). Such seemingly 
inconsistent genome organization exemplifies the modular character of the evolution of RNA 
viruses where RNA recombination is an important driving force (60). 
The role of RNA recombination in the evolution of the Luteoviridae was suggested 
by Miller and colleagues (89). The proposed recombination event could have happened 
according to one of the two scenarios (Fig. 1). A carmo-like virus (e.g. a dianthovirus) RNA 
may have recombined with an existing ancestor of poleroviruses resulting in a luteovirus 
genome, or, alternatively, a sobemo-like virus RNA may have recombined with an existing 
2 











Fig. 1. Role of recombination in the evolution of the genera Luteovirus and Polerovirus 
of the Luteoviridae (modified from Miller et al., 1997). Solid lines represent genomic 
RNAs, dashed lines represent subgenomic RNAs. Boxes show open reading frames (ORFs). 
Regions with identical shading pattems are phylogenetically related. Solid lines with arrow 
denote the proposed path of the crossover. Gray boxes represent origins of replication and 
subgenomic promoters ~ putative hot spots of RNA recombination. ORF designations: 
POL, RNA polymerase; CP, coat protein; AT, aphid transmission protein; MP?, putative 
movement protein; PRO, protease; VPg, genome-linked protein. 
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luteovirus ancestor resulting in a polerovirus genome (Fig. 1). Bipartite genus Enamovirus 
has evolved by combining a polerovirus-like RNAI and an umbravirus-like RNA2. This 
genus contains only one species, RNAI of pea enation mosaic virus. 
The family Luteoviridae includes important crop pathogens. Barley yellow dwarf 
virus (B YDV), that belongs to the genus Luteovirus, is one of the most devastating virus 
pathogens that infect cereals. It is especially serious in oats. Average yield losses due to 
B YDV infection range between 11 and 33% (4-3). Beet western yellows virus (BWYV) and 
potato leafiroU virus (PLRV) exemplify important plant pathogens that belong to the genus 
Polerovirus. All members of the Luteoviridae are transmitted by certain aphid species with 
which they have co-evolved intimate relationships. The viruses are transmitted in a 
circulative non-propagative manner (rev. in (33)). 
Due to the mandatory aphid transmission, one of the most effective methods to 
control luteovirus epidemics has been insecticide applications targeting aphid vectors. 
However, chemical control is costly and potentially harmful to the environment. 
Conventional breeding for resistance to luteoviruses has not been able to provide high levels 
of crop protection. Genetic engineering, on the other hand, is a promising new approach, 
which potentially combines high effectiveness and low cost. Using the pathogen-mediated 
protection approach, several research groups have developed transgenic plants with increased 
resistance to PLRV (rev. in (8)) and BYDV (58). 
Because of the constant evolution of the virus populations in the field, none of the 
plant protection methods can be used indefinitely. Therefore, continuous research efforts 
need to be undertaken that are aimed at better understanding of virus replication and 
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interaction with the host. Such efforts will help to identify new targets for antiviral agents, 
which may become the bases of new control strategies. 
Barley yellow dwarf virus 
Genome organization. B YDV is the type member of the genus Luteovirus. It has a 
single-stranded genomic RNA (gRNA) of positive polarity. B YDV gRNA contains six open 
reading frames (ORPs) (Fig. 2) (94). ORFl and ORF2 encode proteins that are required for 
virus replication (96). The product of ORFl (39 kDa protein) was suggested to be a helicase 
because it contains several amino acid motifs conserved in most known helicases (37). 
However, based on the lack of other conserved motifs found in helicases, a different study 
suggested that BYDV, as well as the majority of RNA viruses with genomes smaller that 6 
kb, does not contain a heUcase (60). The role of the 39 kDa protein in virus replication 
remains to be determined. The product of ORF2 (60 kDa protein) has a GDD amino acid 
motif conserved in RdRps of the majority of viruses (60). Therefore, this protein is 
suggested to be viral RdRp, although this function has not been demonstrated biochemically. 
The BYDV coat protein (22 kDa) is encoded by 0RF3. It is not required for virus replication 
in protoplasts (96) but is necessary for transmission. Product of 0RF5 (50 kDa) is fused to 
the viral coat protein. It has been implicated in aphid Uransmission (18). 0RF4, which 
overlaps the coat protein gene, encodes a 17 (kDa) protein that is not required for virus 
replication in protoplasts (96). The 17 kDa protein was suggested to be a movement protein 
based on its requirement for plant systemic infection in BYDV (18) and its localization in 














Fig. 2. Genome organization of barley yellow dwarf virus. Solid lines represent 
genomic and subgenomic RNAs. Black boxes indicate ORFs with their numbers. Shown 
on the right, is a northern blot profile of BYDV RNAs. Total RNA from an infected plant 
was subjected to northern blot hybridization as described in Materials and Methods. Numbers 
indicate the sizes of the viral l^As in kilobases (kb). 
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have detected the 17 kDa protein of BYDV associated with RNA in the cytoplasm and the 
nucleus of infected cells, but never in the plasmodesmata, which argues against its function 
as a movement protein (100). The function of the 6.7 kDa protein encoded by ORF6 is 
unknown, but it is not required for virus replication in oat protoplasts (96). It has no aniino 
acid sequence homology to any known proteins. 
Transcriptional control of gene expression. BYDV gRNA serves as the mRNA for 
expression of ORFs 1 and 2. For expression of its 3' proximal ORFs, BYDV generates three 
subgenomic RNAs (sgRNAs) during infection (Fig. 2). SgRNAl is the message for the coat 
protein (ORFS), the putative movement protein (ORF4), and the protein involved in aphid 
transmission (ORF5). SgRNA2 contains 0RF6, and the third viral sgRNA (sgRNA3) does 
not contain any genes, therefore, its function is unknown. In plants, the abundance of the 
BYDV sgRNAs is inversely proportional to their size (Fig. 2), a phenomenon observed in 
other viruses (29). As demonstrated in the studies included in this dissertation, synthesis of 
the three viral sgRNAs is controlled by very divergent cis-acting elements named 
subgenomic promoters. The sgRNAl promoter is located at the border of the homologous 
and divergent regions in the genera Luteovirus and Polerovirus. Therefore it was suggested 
to be a hot spot of RNA recombination that has occurred in the evolution of the Luteoviridae 
(89). 
Translational control of gene expression. Because BYDV RNA does not have a 5' 
cap, it is translated by a cap-independent mechanism (2). Cap-independent translation has 
been demonstrated in a variety of RNA vimses and some cellular mRNAs (114). The best-
characterized examples are RNAs of picomaviruses that contain internal ribosome entry sites 
(IRES) (114). BYDV, on the other hand, has a different cis-element that mediates its cap-
7 
independent translation. This translational enhancer (TE) is located in the 3' proximal region 
of BYDV gRNA (142, 143). By communication with the 5' UTR it mediates ribosome 
recruitment in the absence of the 5' cap. 
The major protein translated from the viral gRNA is the 39 kDa product of ORFl. 
For expression of the ORF2 product, the putative RdRp, BYDV uses (-1) translational 
frameshifting (11). A shifty heptanucleotide conserved in several viruses in combination 
with a cis-acting signal located at the 3' end of the viral genome, effects an estimated 1-8% 
frameshifting that results in translation of a 99 kDa fusion protein (ORF1+ORF2), the viral 
RdRp (W.A. Miller and C. Paul, in preparation). Subde alterations in the frameshifting rate 
result in the lack of virus replication (W.A. Miller and C. Paul, in preparation), probably 
indicating either the strict requirement for a certain amount of the 99 kDa protein or for the 
stoichiometry of the 39 kDa and the 99 kDa products. 
Translation of sgRNAl is also cap-independent (141). The major product expressed 
from SgRNAl is the viral coat protein. At the estimated rate of 1%, the stop codon of the 
coat protein ORF (0RF3) is not recognized by the ribosomes, and translation continues 
resulting in the expression of the 0RF5 product, the aphid transmission protein (24). This 
translational readthrough is mediated by a cis-acting element located immediately 
downstream of the 0RF3 stop codon and by a distant region approximately 700 nt 3' to the 
stop codon (12). 
For tianslation of ORF4 (putative 17 kDa movement protein), which overlaps the coat 
protein gene, BYDV utilizes the leaky scanning strategy (25). The signals that regulate this 
process include RNA secondary structure in the 5' UTR of sgRNAl and primary sequence in 
the vicinity of the start codons of ORFs 3 and 4 (25). 
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Transcriptional control in RNA viruses 
Because of the inability to translate multicistronic messages in eukaryotic cells, RNA 
viruses have evolved an array of strategies to express their 3' proximal genes. One such 
strategy is deployment of subgenomic mRNAs. Numerous RNA viruses synthesize one or 
more sgRNAs, which are 3'-coterminal with their genomes, for expression of downstream 
genes. The most common genes expressed off the sgRNAs are structural proteins (capsid, 
envelope, etc.) and movement proteins. There are a number of genes translated from 
sgRNAs whose functions are unknown. SgRNAs are transcribed later in infection, after 
replicase proteins are expressed from the gRNA, and initial cycles of RNA replication have 
occurred. Therefore, sgRNAs express products needed dviring intermediate and late stages of 
infection. 
Subgenomic promoters and regulatory elements. The RNA cis-acting elements 
that effect transcription of sgRNAs have been named subgenomic promoters. Such 
promoters have been mapped in a variety of RNA viruses (6, 10, 29, 52, 59, 70, 132, 139, 
140, 149). They range between 24 nt (70) and over 100 nt in size (6) and are usually located 
mosdy upstream of the transcription initiation sites. However, there are exceptions, such as 
the sgRNA promoter of beet necrotic yellow vein virus (6) and two of the three sgRNA 
promoters of B YDV described in this dissertation. One of the best-characterized subgenomic 
promoters is that of brome mosaic virus (BMV). Mapped to a region that includes 74 to 95 
nt upstream and 16 nt downstream of the initiation site, it contains several elements, a 
combination of which provides full transcription activity in vivo (29). However, in vitro, a 
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22-nt promoter element is sufficient for the basal level of sgRNA synthesis by the BMV 
RdRp (1). 
Unlike promoters for DNA-dependent RNA polymerases, such as those found in 
eukaryotes, promoters used by viral RdRps often depend on RNA secondary structure for 
specific recognition. Requirements for stable stem-loops have been predicted and 
experimentally documented in several RNA viruses, such as tobraviruses (36), BYDV (59), 
TCV (139), and AMV (50). This is not unusual because higher order RNA structure has 
been shown to play an important role in various processes that rely on specific RNA-protein 
interactions (4, 16, 22,99,104, 109). Interestingly, in vitro experiments with purified BMV 
RdRp demonstrated sequence-specific recognition of the subgenomic promoter by the 
enzyme and the lack of the RNA secondary structure requirement (122). This very clearly 
demonstrates limitations of the in vitro approach in studying complex biological systems. 
While under in vitro conditions the viral enzyme does not require extensive promoter 
sequence or secondary strucmre, in the infected cell the situation is apparendy different. 
In addition to the regions immediately adjacent to the transcription start sites, some 
distant cis-elements have been shown to regulate sgRNA synthesis. Some of these elements 
are proposed to exert their effect by direct base-pairing to the regions near the start site. 
Others that do not show apparent sequence complementarity to the promoter regions, may 
function through protein mediators. Long-distance RNA base-pairing has been implicated in 
activation of sgRNA transcription in potexviruses that synthesize up to three sgRNAs (136). 
Experiments with potato virus X (PVX) have shown that mutations disrupting potential base-
pairing between a region located at the 5' end of the gRNA and regions upstream of the 
transcription start sites of the sgRNAs abolish transcription, whereas compensatory 
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mutations restore the activity, although not to the wild type level. This suggests the 
requirement for both the base-pairing and the primary RNA sequence of these elements (54, 
55). Another example of proposed direct base-pairing of distant RNA elements is 
stimulation of sgRNA2 transcription of tomato bushy stunt tombusvirus (TBSV). Mutational 
analysis similar to that performed in PVX, demonstrated the requirement for 
complementarity between a region immediately upstream of the sgRNA2 start site and a 
region located approximately 1000 nt fiirther upstream (150). In both PVX and TBSV 
phylogenetic analysis showed conservation of such long-distance interactions in related 
viruses reiterating their biological relevance. Base-pairing between regulatory elements 
located on two different genomic RNAs of the bipartite red clover necrotic mosaic virus 
(RCNMV) is the only known example of trans-activation of sgRNA transcription (124). The 
requirement for such RNA-RNA interactions was demonstrated by mutational analysis. 
SgRNA transcription in mouse hepatitis coronavirus (MHV) exemplifies a 
requirement for potential long-distance interactions that do not involve base-pairing. A 
requirement for the 3' UTR of MHV for sgRNA transcription was suggested by the fact that 
certain 3' UTR mutants did not produce a sgRNA in the MHV defecdve interfering RNA 
(DI-RNA) system, but were able to synthesize both positive and negative strands of gRNA 
(73). It was suggested that the elements in the 3' UTR must somehow interact with the 
intergenic regions that correspond to the 5' ends of sgRNAs and that have been previously 
implicated in regulation of coronavirus transcription. Because no apparent sequence 
homology or complementarity between the 3' UTR and the intergenic regions of MHV was 
observed, the putative interaction was proposed to be mediated by proteins (73). Recently, 
polypyrimidine tract-binding protein (PTB) binding to the minus strand of the 3' UTR was 
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shown to correlate with sgRNA transcription (46). Also, PTB binding caused an RNA 
conformational change in the minus strand of the 3' UTR which correlated with transcription 
activity (46). PTB is part of eukaryotic RNA splicing machinery. Interestingly, it was 
shown that PTB and another splicing factor, hnRNP Al, also bind to other coronavirus 
transcription regulatory cis-elements (71, 72), suggesting a possibility of interaction of the 
transcription cis-elements mediated by RNA-protein and protein-protein interactions. 
Mechanisms of sgRNA synthesis. Several models have been suggested to describe 
the mechanism of sgRNA synthesis in positive strand RNA viruses. The most widely 
recognized and the only unequivocally proven model is internal initiation of plus-strand 
SgRNA synthesis by viral replicase on the promoter located on the minus strand template. 
This mechanism was first demonstrated in BMV (90) and later in other RNA viruses (131, 
140). Another model was suggested for sgRNA synthesis of RCNMV, the virus that requires 
trans-activation of transcription by base-pairing of elements located on different gRNAs. 
This model suggests that transcription occurs by premature termination of minus strand 
synthesis and subsequent independent repHcation of the minus strand product (124). It was 
proposed that the base-paring between the two RNA sequences creates a termination 
strncmre which by itself or with the help of protein factors makes the viral RdRp pause and 
dissociate releasing newly synthesized minus strand. This minus strand sgRNA then serves 
as a template for the plus strand sgRNA synthesis. 
Two different versions of discontinuous RNA transcription were suggested for 
SgRNA synthesis by coronaviruses and arteriviruses. These viruses have extremely large 
RNA genomes (15 to over 30 kb) and produce a nested set of seven 3' coterminal sgRNAs 
(66). Interestingly, all sgRNAs contain a leader sequence identical to that present at the 5' 
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end of the gRNA, but which is absent in their putative subgenomic promoters. This indicates 
that during transcription, sgRNAs must somehow acquire the leader sequence from the 5' end 
of gRNA. A reasonable way to explain such a phenomenon is by discontinuous RNA 
transcription. A leader-primed transcription model was proposed by Lai and colleagues, 
which suggested that viral replicase produces free plus strand leader RNAs by abortive 
synthesis (7, 62, 63). These leader molecules then prime (+)sgRNA synthesis at the short 
homologous regions in subgenomic promoters on the (-)gRNA. An alternative model 
suggested that discontinuous sgRNA transcription occurs during (-) strand RNA synthesis. 
Having reached an intergenic region, viral replicase would dissociate and re-attach at the 5' 
leader region of the gRNA, thus incorporating the antileader into the (-)sgRNA (116). The (-
) strand sgRNAs then serve as templates for (+)sgRNA synthesis. A large amount of data 
has been accumulated that supports both models, but no consensus has been reached on the 
mechanism of coronavirus transcription. 
Replication of RNA viruses 
Because of the abundance of the host RNAs in virus infected cells, viruses evolved 
strategies for specific amplification of their gRNA. Among those strategies, the best-
characterized is the use of specific cis-acting RNA elements present in various parts of viral 
genomes. By their location, these elements can be divided into 5' terminal, 3' terminal, and 
internal signals. By binding viral repUcase complex and host factors necessary for viral RNA 
rephcation, these signals ensure efficient and specific amplification of viral genomes. 
5' terminal replication elements. The most obvious function of the cis-acting 
signals located at the 5' termini of viral genomic RNAs is the role of the promoter for the 
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positive strand synthesis from the antigenomic template. Therefore, technically, these 
elements should be considered at the 3' ends of the negative strands. A number of such 
signals containing RNA secondary structural elements have been described that act as 
promoters for (+)gRNA synthesis (14). Unexpectedly, it was demonstrated in several 
viruses, that the 5' cis-elements required for replication are, in fact, present in the positive 
strands. Therefore, their requirement for replication could not be explained by their 
predicted fimction as plus strand promoters. Experiments in poliovirus and BMV clearly 
demonstrated that RNA structural elements indispensable for virus viability are formed in the 
(+)gRNA and not in the (-)gRNA (4). Baltimore and colleagues showed formation of a 
protein complex around the cloverleaf RNA structure at the 5' end of poliovirus genome (3, 
4). Strong stem-loop structure formation at the 5' end of gRNA was demonstrated in BMV 
(109). Hall and colleagues suggested that strong secondary structural elements in viral 5' 
UTRs, with the help of protein factors, may facilitate release of the otherwise double-
stranded 3' end of the (-)gRNA, making it accessible to viral RdRp for initiation of positive 
strand synthesis (109). In poliovirus, the 5' terminal cloverleaf structure has also been shown 
to play an important role in viral RNA stability, translation (104), and a regulatory switch 
between translation and replication (31). 
RNA secondary structural elements at the 5' genomic termini have been described in 
numerous viruses (rev. in (14)), and most of them have been suggested to play a role in viral 
RNA replication, which may be similar to those proposed in poliovirus and BMV. 
3' terminal replication elements. In order to accomplish their replication cycle, 
viruses need to synthesize a negative strand gRNA, which serves as a template for positive 
strand gRNA synthesis and in some cases also for sgRNA synthesis. In most viruses. 
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promoters for (-)gRNA synthesis, also known as origins of replication, are located in the 
genomic 3' UTRs (14). Specific RNA sequence and higher order structure are among factors 
that ensure the specificity of viral RNA amplification. An overview of the best-characterized 
types of 3' elements involved in RNA virus replication is presented in the introduction to 
chapter 4 of this dissertation. 
Internal replication elements. During mutational analyses of various RNA viruses 
researchers have come across internal regions that are required for replication. Those regions 
either do not encode any proteins or encode proteins that are not important for replication. 
Instead, they contain cis-acting RNA signals that regulate viral RNA amplification. One 
such region (cis-acting replication element, ere) was discovered in human rhinovirus 14 
(HRV14) (79). It was shown that a stable RNA secondary structure (stem-loop) formed in 
the ere. Maintainance of this stem-loop, regardless of its sequence, was important for 
replication. The role of ere in RNA synthesis is unclear. It was suggested to possess RdRp 
binding properties (79). Another internal element important for replication was identified in 
bacteriophage Q|3 RNA. It is located on the positive strand gRNA and serves as a replicase-
binding site for initiation of minus strand synthesis about 1.5 kb downstream. BMV RNA3 
has an intergenic replication enhancer (IRE) that increases the rate of minus strand synthesis 
and gready stabilizes RNA3 (30). A replication enhancer region has been found in TBSV 
(112). It is located within the region corresponding to the region IH of the viral DI RNA. 
While this element is not absolutely required for viral RNA replication, it greatly enhances 
synthesis of both positive and negative strands of TBSV gRNA. 
General features of RNA virus replication. One of the most common features 
shared by RNA viruses is that replication of their RNA occurs on cellular membranes (14). 
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Replication complexes are anchored to the membrane lipid bilayer by the transmembrane 
domains of the proteins that constitute them. One such viral protein, 6 kDa, has been 
described in tobacco etch potyvirus (117). This integral membrane protein was suggested to 
interact with the ER, which in the process of viral infection disintegrates and forms virus-
induced vesicles, the loci of viral replication. Similar vesicles were observed in cells infected 
with numerous RNA viruses (14) including BYDV (100). The origins of the membranes that 
participate in vesicle formation differ and include the endoplasmic reticulum (ER) and 
compartments of the Golgi system. 
As soon as the replication complex has assembled, viral RNA synthesis can initiate. 
There are two major mechanisms of transcription initiation employed by RNA viruses: de 
novo initiation and elongation of a primer. Oligonucleotide primers are required for 
initiation of DNA synthesis by eukaryotic DNA polymerases during DNA replication. 
Similarly, RdRps of picoraaviruses and some other virus groups need a primer for initiation 
of RNA synthesis. In poUovirus, which is a member of the picomavirus group, a genome-
Unked protein, VPg, serves as a primer for initiation (105). The 22 amino acid peptide (3B) 
is uridylylated by the viral replicase, and the covalendy attached uridine residues prime RNA 
synthesis at the 3' poIy(A) tail of the poUovirus genome. Viruses in other groups have been 
shown or suggested to possess VPg (14). Alternatively, viruses that do not encode VPgs, use 
de novo RNA synthesis for replication and transcription. Viral RdRps recognize promoters 
located on the template RNA and initiate transcription without the requirement for a primer. 
VPg was not found in BYDV, therefore, the virus probably utilizes de novo initiation for 
RNA synthesis. 
An important feature shared by many viruses is cis-preferential replication. Cis-
preferentiality is the inability of a wild type virus to rescue amplification of a replication-
defective mutant. Various degrees of cis-preferential replication have been observed in 
poliovirus (102), turnip yellow mosaic virus (TYMV) (144), BYDV (96), and others. 
Several explanations have been proposed for cis-preferentiality. One possibility is 
mandatory translation of the viral RNA in order to be replicated. Conceivably, a ribosome 
passage through the genomic RNA might melt out secondary structures inhibitory to 
replication (102). Also, the inability of the viral replicase or other important proteins to 
diffuse to other locations in the cell may result in preferential replication of the RNA 
molecules from which those proteins were translated (102). Cis-preferential replication in 
BYDV was suggested based on the inability of the wild type virus to complement a number 
of replication-deficient mutants (96). On the other hand, bro mo viruses, carmo viruses, 
tombusviruses, coronaviruses, and others can be successfully replicated in trans. Numerous 
members of these groups have associated satellite and DI RNAs, which are molecular 
parasites incapable of independent replication that rely upon helper virus RdRps. Therefore, 
it was suggested that cis-preferential replication has evolved to guard against amplification of 
defective genomes (102). Only intact wild type RNAs capable of translating functional 
proteins would be replicated in the cis-preferendal manner. Cis-preferential replication is not 
possible in multipartite viruses where viral replicase is encoded by one RNA component but 
is responsible for amplification of all components. 
Regulation of viral life cycle is essential for successful replication and pathogenesis. 
In the infected host cell, numerous factors compete for the access to viral RNA: ribosomes 
and other elements of translation machinery, viral replicase, coat protein, movement protein. 
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etc. A regulatory mechanism is required to ensure that viral genome is first translated, then 
replicated and transcribed, and subsequently moved to adjacent cells or encapsidated (or 
both). Translation and replication of viral RNA are two processes incompatible on the same 
molecule at the same time. Translation is accomplished by ribosomes moving 5' to 3', 
whereas (-)gRNA synthesis is performed by viral RdRps moving in the 3' to 5' direction. An 
elegant study by Andino and colleagues demonstrated how this potential head-on collision of 
RdRp and ribosomes is avoided in polio virus (31). Binding of the cellular poly (rC) binding 
protein (PCBP) to the cloverleaf structure at the 5' end of viral RNA stimulates translation. 
When a certain amount of the viral polyprotein is accumulated and processed, viral 3CD 
protein (which contains the RdRp, 3Dpol) binds to a different region of the cloverleaf and 
mediates dissociation of PCBP (which leads to translation repression) and formation of the 
replicase complex that subsequently initiates minus strand synthesis at the 3' end. Therefore, 
binding of either PCBP or 3CD determines whether poliovims genome is translated or used 
as a template for minus strand synthesis (31). 
PCBP is one of the cellular proteins that participate in replication of RNA viruses. 
Due to the limited amount of genetic information a viral genome can accommodate, 
numerous viruses have evolved means to subvert the cellular machinery to serve their needs. 
The use of the translational machinery by viruses was relatively obvious, due to the 
requirement of numerous factors and complex structures like ribosomes for the translation 
process to occur. However, involvement of cellular factors in replication was not necessarily 
expected because viruses had been known to encode their own RNA polymerases. 
Numerous cellular proteins have been described that bind transcription regiilatory regions of 
various RNA viruses (64). Those include elements of the RNA splicing machinery 
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(hnRNPs), translation factors. La antigen, actin, tubulin, and others (64). Importance of 
cellular factors for virus RNA replication was also demonstrated by isolation of yeast 
mutants, that belong to several complementation groups, which were unable to support 
replication of BMV RNA (47). 
It was suggested that cellular factors required for virus replication might bind either 
to the viral replicase or directly to the RNA recognition elements and then recruit the 
replicase to the template. Involvement of cellular factors in virus replication by binding to 
cis-acting regulatory regions is reminiscent of the DNA-dependent transcription in 
eukaryotes and suggests conservation of the most basic features of RNA synthesis (64). 
Dissertation organization 
Chapters 2-4 of this dissertation contain three manuscripts. The manuscript in 
chapter 2 is entitled "Primary and secondary structural elements required for synthesis of 
barley yeUow dwarf virus subgenomic RNAl". This paper was published in the Journal of 
Virology in 1999 (J. Virol., 73:2876-2885). It is co-authored by B.R. Mohan and W. Allen 
Miller. Dr. Mohan's contribution to this manuscript is the experiment illustrated in Fig. 2. 
Involved in the project at its early stages, he also performed experiments that were not 
included in the manuscript but which provided valuable preliminary data. The manuscript in 
chapter 3, "Barley yellow dwarf virus utilizes very different promoters for transcription of its 
subgenomic RNAs," is prepared for submission to the Journal of Virology. It is also co-
authored by W. AUen Miller, as is the third manuscript included in chapter 4. Its tide is 
"Characterization of the barley yellow dwarf virus 3' origin of replication," and it is prepared 
for submission to the journal Virology. As my major professor. Dr. Miller contributed to the 
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original design of die experiments in all three manuscripts and to the interpretation of results. 
Dr. Miller played the major role in writing the Discussion in chapter 2, he closely edited 
chapter 3 and made minor grammar corrections in chapter 4. In addition to the manuscripts, 
the dissertation contains the General Introduction and General Conclusions chapters 
(chapters 1 and 5, respectively). References cited in all five chapters are placed at the end of 
the dissertation. 
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CHAPTER 2. PRIMARY AND SECONDARY STRUCTURAL ELEMENTS 
REQUIRED FOR SYNTHESIS OF BARLEY YELLOW DWARF VIRUS 
SUBGENOMIC RNAl 
A paper published in the Journal of Virology 73:2876-2885 (1999) 
Guennadi Koev, B.R. Mohan, and W. Allen Miller 
Abstract 
Barley yellow dwarf luteovirus (BYDV) generates three 3'-cotenninal subgenomic 
RNAs (sgRNAs) in infected cells. The promoter of sgRNAl is a putative hot spot for RNA 
recombination in luteovirus evolution. The sgRNAl transcription start site was mapped 
previously to either nucleotides 2670 or 2769 of BYDV genomic RNA (gRNA) in two 
independent studies. Our data support the former initiation site. The boundaries of the 
SgRNAl promoter map between nucleotides 2595 and 2692 on genomic RNA. Computer 
prediction, phylogenetic comparison, and structural probing revealed two stem-loops (SLl 
and SL2) in the sgRNAl promoter region on the negative strand. Promoter function was 
analyzed by inoculating protoplasts with a full-length infectious clone of the BYDV genome 
containing mutations in the sgRNA promoter. Because the promoter is located in an 
essential coding region of the replicase gene, we duplicated it in a nonessential part of the 
genome from which a new sgRNA was expressed. Mutational analysis revealed that 
secondary stmcture, but not the nucleotide sequence was important at the base of SLl. 
Regions with both RNA primary and secondary structural features that contributed to 
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transcription initiation were found at the top of SLl. Primary sequence, but not the 
secondary structure was required in SL2 which includes the initiation site. Disruption of 
base-pairing near the sgRNAl start site increased the level of transcription 3 to 4-fold. We 
propose that both primary and secondary structure of the sgRNAl promoter of BYDV play 
unique roles in sgRNAl promoter recognition and transcription initiation. 
Introduction 
Many positive strand RNA viruses express genes via RNA-templated transcription of 
subgenomic mRNAs. Several mechanisms of subgenomic RNA (sgRNA) synthesis have 
been proposed for various viruses, including internal initiation of the replicase at subgenomic 
promoters, premature termination of negative-sense RNA synthesis with subsequent 
independent replication, 5' leader-primed synthesis, and RNA recombination (reviewed in 
(66, 87). So far, only internal initiation on the negative strand template has been 
demonstrated as a mechanism of sgRNA synthesis in plant RNA viruses (32, 90, 140), 
although premature termination during negative strand synthesis has been suggested as an 
alternative mechanism (87, 124). Despite the lack of direct evidence for internal initiation of 
transcription in most viruses, we will adhere to convention and refer to cw-elements 
responsible for synthesis of sgRNAs as subgenomic RNA promoters. 
Boundaries of sgRNA promoters have been determined in several RNA viruses in 
vivo (6, 10, 29, 52, 70, 132, 140, 149). Their sizes vary from 24 nucleotides in Sindbis vims 
(70) and 27 nucleotides in cucumber necrosis virus (CNV) (52) to nearly 100 nt in turnip 
crinkle virus (TCV) (140) and over 100 nt in beet necrotic yellow vein virus (BNYW) (6). 
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With the exception of BNYVY (6), the larger portions of subgenomic promoters are located 
upstream of the transcription initiation site (in the positive sense). 
In vitro analysis of the sgRNA4 promoter of brome mosaic virus (BMV) and its 
comparison with other alpha-like virus subgenomic promoters revealed 4 major structural 
elements: a core promoter, an AU tract downstream of the initiation site, an oUgo A tract and 
an enhancer element located upstream of the core (76). However, wild t5^e levels of RNA4 
synthesis in vivo require an additional upstream element that contains repeats of sequences 
from the core (29). The core promoter of BMV RNA4 has been characterized extensively in 
vitro, revealing sequence requirements for transcription initiation and suggesting that the 
primary and not the secondary structure of RNA is critical for specific and accurate initiation, 
much like in DNA-dependent RNA polymerase promoters (122). However, RNA secondary 
and tertiary structures play important roles in various processes of the virus Ufe cycle 
including RNA replication, recombination, translation, and others. These processes involve 
RNA-protein interactions (4, 16, 22, 99, 109). The combination of primary and secondary 
RNA structure requirements is common in control of vims replication (68, 104, 109, 113). 
Therefore, we set out to determine the role of RNA structure in sgRNA promoter function. 
The object of this study is the PAV strain of barley yellow dwarf virus (B YDV) 
which belongs to the genus Luteovirus (formerly called subgroup I) of the family 
Luteoviridae (formerly the luteovirus group) (85). BYDV has a positive sense, 5.7 kb 
genomic RNA (gRNA). In the infected cell, three 3'-coterminal sgRNAs are produced (24, 
53). They are not encapsidated. All three sgRNAs play different roles in virus replication. 
SgRNAl is the mRNA for the coat protein, a readthrough extension of the coat protein 
involved in aphid transmission, and a 17 kDa protein required for plant systemic infection 
(18). SgRNA2 codes for a small 4.3-7.0 kDa peptide that is dispensable for virus replication 
in protoplasts (96). SgRNA2 may also regulate translation from gRNA and sgRNAl. The 
role of sgRNA3 which lacks ORFs is unclear (87, 92). 
Luteoviridae are split into two major genera, Luteoviriis and Polerovirus, based on 
differences in the 5' halves of their genomes (85). The genes in these regions, including the 
RNA-dependent RNA polymerase (RdRp), are unrelated between the genera (89). The 
border between divergent and homologous regions is located between ORFs 2 and 3 (RdRp 
and coat protein genes) (89). This region also includes the 5' end of sgRNAl. Based on this 
observation, we proposed that recombination has occurred during luteovirus evolution by 
replicase strand switching at the subgenomic promoters (89, 91). 
As a first step in testing the recombination model we have begun mapping the sgRNA 
promoters of BYDV. In this smdy, we mapped the primary and secondary structures 
required for sgRNAl synthesis in detail. We show that both primary and secondary RNA 
stmcture play unique roles in promoter recognition by viral replicase in vivo. 
Materials and methods 
Plasmids. pPAV6 is a fiill-length cDNA clone of BYDV-PAV described in (23). 
pGK-1 was constructed by cloning the Ava I (2456)-5'5'p I (2737) fragment of pPAV6 into the 
pGEM-3Z digested with Ava I and Ssp I. Mutants pKel-6, pKel-f, and p2670M were 
constructed by two-step PGR (67). To make pKel-6 and pKel-f, in the first round of PGR we 
used an upstream mutagenic primer, 5'-
GCCCAACTCCAGTC[G/C/A]GT[T/C]AAAGTGACGACTCCACAT-3', (altered bases in 
bold) spanning bases 2655-2690 and a downstream primer (5'-CTGAATTCGTTCACCACC-
3') complementary to bases 2867-2850. For 2670M we used an upstream mutagenic primer 
(5'-CCAGAGTCTGAAGGTGACGACT-3') complementary to bases 2663-2684 and the 
above downstream primer. The product of the first round was gel-purified and used in the 
second round of PGR as the downstream primer with the upstream primer RB1100 (5'-
TGGCTCTTGCACTTGAAC-3') spanning bases 1927-1945. The resulting PGR product 
was digested with 5jfl 107 I and Tthl 111 and cloned into pPAV6 cut with 5jrl 107 I and 
TthWl I. Mutants with the duplicated sgRNAl and sgRNA3 promoters were constructed by 
PGR amplification of the promoter region with the primers listed in Table 1, contciining 
flanking Kpn I restriction sites, and cloning Kpn I-digested PGR products into the unique 
Kpn I site of pPAV6 (4154). For the sgRNAl promoter secondary strucmre probing, 
pT7SGPl was constructed by amplifying a region of pPAV-6 between nts. 2595-2716 with 
primers 2595 (Table 1) and T7SGP1 
(GCGGAMTCrAArACGACTCACrArAGGGATGGAAAGCAGTATTGATT, Eco RI site 
underlined, T7 promoter italicized) which contained flanking Kpn I and Eco RI restriction 
sites, respectively, and cloning the PGR product into the plasmid pUGl 18/1180 described in 
(23). 
Infection of protoplasts and northern blot analysis. Infectious RNA transcripts 
were obtained by transcripdon in vitro of plasmids linearized with Sma I, by using T7 RNA 
polymerase (RiboMax kit, Promega, Madison, WI). Oat protoplasts were prepared and 
inoculated with 10 |ig of RNA as described in (24). Total RNA was extracted from 
inoculated protoplasts by using the QIAGEN (Los Angeles, CA) RNeasy plant RNA 
isolation kit. RNA (5-10 [ig) was analyzed by northem blot hybridization essentially as 
described in (119). A probe complementary to the 3' terminal 1.5 kb of the PAV genome 
was used to detect viral genomic and subgenomic RNA accumulation. This probe was 
obtained by in vitro transcription of the plasmid pSPlO (24) linearized with Hind IE using T7 
RNA polymerase. Membranes hybridized with this probe were exposed to Phosphorimager 
screens for 1-2 days. The subgenomic promoter activity was quantified as the ratio of the 
SgRNAlA signal intensity to that of the gRNA. Because of the significant accumulation of 
the lower molecular mass RNA due to RNA degradation, the value of the sgRNAl A signal 
was determined by subtracting the background value (region under the sgRNAlA band) from 
the SgRNAlA signal. All mutants were evaluated in 2 to 5 separate experiments. 
RNA structure analysis. pT7SGPl was linearized with Kpn I, prior to transcription 
with T7 RNA. Transcripts were 5' end-labeled using [7-^~P]ATP as described in (28, 137). 
RNA was purified using denaturing 5% polyacrylamide, 8M urea gel electrophoresis. 
Structural probing with imidazole was performed in 0.04 mM NaCl 1 mM EDTA 10 mM 
MgCU with 0 M, 0.8 M, and 1.6 M imidazole for 17 and 22 hrs at 25°C as described in (28, 
137). Partial digestion with T1 ribonuclease was done as described in (93). Reaction 
products were separated by using denaturing 6% polyacrylamide, 8M urea, gel 
electrophoresis. The gels were dried and exposed to Phoshorimager screens for 1-3 days, and 
visualized with a STORM 840 Phosphorimager (Molecular Dynamics, Sunnyvale, CA). The 
U2 and T1 RNA sequencing ladders were generated as described in (28, 137). 
Results 
Re-examining the 5' end of sgRNAl. The 5' end of sgRNAl of BYDV-PAV was 
mapped to position 2769 of gRNA by Dinesh-Kumar et al. (24), and to position 2670 by 
Kelly et al. (53). The 99 nt discrepancy has been attributed to the two different isolates of 
B YDV-PAV used in these studies: Australia and Illinois isolates were used by Kelly et al., 
and Dinesh-Kumar et al., respectively. However, the high homology shared by the two 
isolates as well as a conserved hexanucleotide GUGAAG present at the 5' ends of the gRNA 
and sgRNAs 1 and 2 revealed in the study by Kelly et al. (53), prompted us to revisit this 
issue. We constructed a probe, pGK-1, that is complementary to the region of BYDV gRNA 
(bases 2456-2737) that spans the sgRNAl start site as mapped by KeUy et al. (2670), but 
should not detect sgRNAl as mapped by Dinesh-Kumar et al. (2769, Fig. 1). This probe 
hybridized with sgRNAl of BYDV-PAV-IUinois and an in vitro transcript that contains the 
5' end at 2670. It did not detect an in vitro transcript with the 5' end at 2769. Therefore, the 
5' extremity of sgRNAl of this isolate is in fact well upstream of 2769, and consistent with 
the 5' end at 2670 in BYDV-PAV-Australia (Fig. 1). Promoter mapping described herein 
supports an initiation site at or near 2670. 
Mutations near the sgRNAl start site affect transcription. The sgRNAl initiation 
site (2670) is located within ORF 2 which encodes viral RdRp (Fig. 1), which is required for 
replication (96). To examine the possibility of using deletion mutagenesis to map the 
subgenomic promoter, we introduced a stop codon at position 2650 of the infectious clone, 
pPAV6, which truncated ORF2 by thirty 3' terminal codons. No replication of this mutant 
transcript in oat protoplasts was detected by northern blot analysis (data not shown). Thus, 
deletion mapping of the subgenomic promoter in this region was not possible. 
To determine the importance of individual nucleotides around the start site for 
sgRNA synthesis, we introduced point mutations in this region of pPAV6. Two mutants with 
five base changes around the start site replicated but synthesized no sgRNAl (Fig. 2). One 
had a Val-> Asp amino acid change, the other had no amino acid changes (Fig. 2). To test the 
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importance of the G at the initiation site, it alone was mutated to a C in mutant 2670M. This 
resulted in an unavoidable amino acid substitution (Val->Leu). This mutant did not replicate 
at all (Fig. 2). This is sxarprising considering that the more radical change of Val-> Asp at this 
site did not knock out replication. Thus, either the RdRp tolerated Asp but not Leu at amino 
acid number 825, or the particular base that coincides with the 5' end of sgRNAl is essential 
for gRNA replication. Mutants Kel-6 and Kel-f demonstrated the sensitivity of sgRNAl 
transcription to changes in the conserved hexanucleotide GUGAAG and immediately 
upstream of the initiation site. Mutant 2670M further emphasized the difficulty of the 
promoter characterization due to potential undesired alterations in RdRp function. 
Mapping the boundaries of the sgRNAl promoter. To allow more mutagenesis of 
the SgRNAl promoter, we moved a copy of it to a nonessential portion of the genome. This 
duplication of subgenomic promoters and synthesis of sgRNAs from ectopic locations has 
been demonstrated in several RNA vimses (6, 10,29, 69, 132, 140). We duplicated a 314-
nucleotide region flanking the putative sgRNAl initiation site (nts. 2503-2816) and 
introduced it into a unique Kpn I site in ORF 5 (position 4154, Fig. 3 A). This ORF is not 
required for virus replication in protoplasts (96). As expected, the promoter duplication 
resulted in the expression of an additional 1.7 kb sgRNA (sgRNAlA, Fig. 3B). This caused 
a dramatic drop in accumulation of sgRNAl from its natural setting and also reduced gRNA 
levels. This phenomenon of reduced synthesis of sgRNAs from upstream promoters when 
additional promoters are inserted downstream has been observed with other RNA viruses 
(29, 140). Reduced gRNA accumulation is likely due to lack of coat protein synthesis (96) 
caused by reduced levels of its mRNA (sgRNAl). This ectopic expression of sgRNAl set 
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the stage for the deletion mapping and detailed characterization of the sgRNAl promoter 
without interfering with the RdRp coding region. 
We tested a set of mutants containing various portions of the 314-nucleotide promoter 
region for sgRNAl A synthesis in oat protoplasts. The smallest construct capable of directing 
SgRNAl A transcription, 2SL, consisted of the 98-nt RNA sequence from bases 2595 to 2692. 
Three smaller constructs I (nts. 26II-2692), J (nts. 2595-2679), and K (nts. 26U-2679), were 
incapable of producing the artificial sgRNAl A (Fig. 3C). The 2SL construct did not cause 
such a large reduction in sgRNAl and gRNA accumulation as did construct PAVSGl A 
perhaps because it was not as strong a promoter as the 314 nt insert. Furthermore, the 314 nt 
duplication in PAVSGl A may have given a gRNA too large to be encapsidated, while the 
smaller overall size of 2SL gRNA (98 nt duplication) may have permitted encapsidation. 
Secondary structure prediction for the sgRNAl promoter. To explore the 
possible role of RNA secondary structure in sgRNAl synthesis, we analyzed the 98-nt 
promoter sequence for potential RNA folding patterns using the MFOLD program (151). 
Because sgRNA synthesis has been shown to occur by internal initiation of transcription on 
the negative strand template in other viruses, we used the complement of the mapped 
subgenomic promoter region for the secondary structure predictions. Most of the suboptimal 
folding patterns contained two stem-loop structures (SLl and SL2). There were two major 
variations of the SLl folding: stmcture I and structure II (Fig. 4A). To establish which one is 
more likely to exist, we compared the sgRNAl promoter regions of other BYDV isolates and 
the related soybean dwarf virus (SbDV). The BYDV sequences were too highly conserved 
to shed light on the secondary stmcture, while SbDV diverged significantly (Fig. 4B). The 
predicted structure of the SbDV subgenomic promoter region resembled only that of BYDV-
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PAV structure n. Sequence co-variations found in SbDV revealed four sites at which base 
changes retained base pairing (boxed base pairs. Fig. 4A) in structure H. Thus, structure 11 is 
more likely to exist in BYDV, even though it is calculated to be slightly less stable than 
structure I (Fig. 4A). 
Comparison of the sgRNAl promoter with those of sgRNAs 2 and 3 and the 3' end of 
the negative strand of gRNA did not show any significant sequence homology except for the 
earlier identified hexanucleotide 3'-CACUUC-5' in sgRNAs 1 and 2 and gRNA (5'-
GUGAAG-3' in the positive sense). RNA secondary structure predictions of the negative 
strand RNA in those regions revealed a hairpin with the initiation site in its stem similar to 
SL2 (Fig. 4C). No structure like SLl was predicted in the other sgRNA promoter regions. 
This suggested that SL2-like structure may be a common structural element of RdRp 
recognition regions. 
Nuclease probing of the sgRNAl promoter secondary structure. To test the 
existence of the two computer-predicted stem-loops in the sgRNAl promoter, we constructed 
a plasmid, pTTSGPl, which contained a region of the negative strand gRNA spaiming the 
minimal sgRNAl promoter (nts. 2595-2716) cloned behind the bacteriophage T7 promoter. 
For RNA secondary structure analysis, we used 5' end-labeled in vitro transcripts of the 
SgRNAl promoter obtained from Kpn I-linearized pTTSGPl. To detect double- and single-
stranded RNA regions within the subgenomic promoter, we performed partial digests of the 
5' end-labeled transcripts with RNase T1 (cuts single stranded G's) and imidazole, a 
chemical ribonuclease that cleaves RNA at all single-stranded bases. Imidazole has been 
used to resolve secondary structure of various RNAs (28, 137). 
30 
Both the T1 and the imidazole analyses identified most of the single-stranded RNA 
regions corresponding to those predicted by computer (Fig. 5A). The lower part of SL2 was 
sensitive to nuclease, suggesting the existence of a single-stranded junction between the two 
major stem-loop domains. The upper and the lower regions of SLl were well protected from 
both T1 and imidazole digestion implying stable RNA helices. Highly protected 
Q&48/Q2W9/A2650 and U2602/G2603/G2604 appeared paired to each other, whereas both G2605 and 
G2647 were nuclease-sensitive and consistent with the bulge in structure E (Figs. 4A, 5A). 
Therefore, despite the lower predicted stability, structure II appears more likely to form in 
solution than structure I. 
The middle portion of SLl exhibited ambiguous base-pairing. Both the base-paired 
and the single-stranded conformations may coexist in dynamic equilibrium ("breathing"), 
reflecting the weak base-pairing of the AU-rich AUUCU:AGAAU helix. Based on their 
nuclease sensitivity, both terminal loops of SLl and SL2 seemed well-defined and consistent 
with the computer prediction (Fig. 5A). The ribonuclease probing analysis superimposed on 
the phylogenetically conserved, computer-generated secondary structure allowed us to 
propose the solution structure of the sgRNAl promoter (Fig. 5B). 
Primary and secondary RNA structure of SLl are required for transcription of 
sgRNAl. To test the involvement of primary and secondary RNA structure elements of SLl 
in sgRNA synthesis, we introduced a series of mutations into the duplicated sgRNAl 
promoter. Oat protoplasts were inoculated with the mutants, and total RNA was isolated 24 
hpi and analyzed by northern blot hybridization. We used the ratio of steady-state levels of 
sgRNAlA:gRNA as a measure of the promoter activity. 
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To examine the role of the helix at the base of SLl, we introduced nucleotide 
alterations (blocks of 4 nucleotides) in both strands of the helix that disrupted and restored 
the base-pairing (mutants SLllA, SLl IB, and SLllC, Fig. 6A). Transcription of sgRNAlA 
was eliminated when the base-pairing was disrupted in mutants SLIIA 
(sgRNAlA:gRNA=0.06+/-0.02) and SLl IB (0.02+/-0.01), and was restored to a level higher 
than wild type (construct 2SL, 0.5I+/-0.08, Fig. 6B) in the compensatory mutant SLl IC 
(1.564-/-0.25, Fig. 6B). These results indicated that the secondary structure, and not the 
nucleotide sequence at the bottom of SLl, is required for transcription. 
To test the role of the upper part of SLl, we introduced similar mutations to the upper 
helix (SL12A, SL12B, and SL12C, Fig. 6A). Both mutations SL12A and SL12B that 
disrupted the base-pairing exhibited low levels of sgRNAlA accumulation (0.12+/-0.05 and 
0.11+/-0.02, respectively. Fig 6B). The compensatory mutant SL12C failed to restore the 
promoter activity (0.05+/-0.02, Fig. 6B), indicating that specific nucleotide sequences on 
both sides of the helix, (and possibly RNA secondary structure as well) are important in this 
region. 
To examine the role of the single-stranded and ambiguous regions of SLl in 
SgRNAlA synthesis, mutant SLID was constructed with two sequence tracts deleted; Uigoi" 
A2620 and C,64i-G2657 (Fig- 6A). Surprisingly, this mutant produced low, but significant levels 
of SgRNAlA (0.10+/-0.01, Fig. 6B), indicating that the middle portion of SLl could be 
deleted while still retaining a low level of transcription. Deletion of the bulged U2635 (SLIU, 
Fig. 6A) reduced transcription (0.19+/-0.04, Fig 6B), indicating its importance, but not an 
absolute requirement for the promoter activity. Changing the sequence of the terminal loop 
of SLl to its complement (Fig. 6A) yielded low levels of sgRNAlA (mutant SL13, 0.10+/-
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0.03, Fig. 6B). Thus, the specific sequence of the terminal loop is also important for 
transcription. 
Nucleotide sequence but not the secondary structure of SL2 is required for 
transcription of sgRNAl. We next characterized the sequence and structural elements of 
SL2 that are involved in sgRNA synthesis. As reported in initial mutants, sequence 
alterations within five bases of the transcription start site in its natural location in ORF2, 
knocked out sgRNAl synthesis (Fig. 2). Mutations in Kel-6, Kel-f, and 2670M were 
predicted to disrupt secondary structure of SL2. To separate the influence of the nucleotide 
sequence alteration from the RNA secondary structure disruption, we designed a series of 
SgRNA I promoter mutants that disrupted and restored the secondary structure of SL2 in the 
duplicated promoter. Three nucleotides near the start site were altered to disrupt base-pairing 
in either strand of SL2 in mutants trpll and trpl2 (Fig. 7A). The mutant trplc contained both 
of the above sets of substimtions to restore the structure of SL2 (Fig. 7A). No sgRNA 1A 
synthesis was detected in trpll (0.01+/-0.02) and trplc (0.0+/-0.02) both of which are mutated 
in the conserved hexanucleotide at the start of sgRNAl (Fig. 7B). However, trpl2 exhibited a 
level of transcription three times higher than wild type (1.60+/-0.02). Thus, the primary 
structure adjacent to the start is required for sgRNA synthesis (Fig. 7B), and SL2 secondary 
structure may acmally inhibit transcription. 
In order to examine the role of the initiating C (Gigvo the positive strand), we 
changed it to a G (mutant 2670G, Fig. 7A). We also weakened the bottom of SL2 by altering 
the complementary G to a C (2688C, Fig. 7A). In the double mutant, compl, the base-
pairing was restored while keeping the primary structure altered (Fig. 7A). The results were 
similar to those in the previous experiment: no transcription in 2670G (-0.02+/-0.01) and 
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compl (-0.16+/-0.21), and almost four times higher than wild type level of transcription in 
2688C (L95+/-0.32) (Fig. 7B). Finally, altering the sequence of the SL2 terminal loop to its 
complement in the mutant SL21 (Fig. 7A) reduced the sgRNAlA level to 0.11+/-0.01 (Fig. 
7B), indicating the importance, but not the absolute requirement, of the nucleotide sequence 
of the SL2 terminal loop. These results stressed the importance of the primary RNA 
sequence and negative effect of the secondary structure at the initiation site. 
In pursuit of the nucleotides in SL2 that could be altered without affecting 
transcription, we replaced the 5'-terminal conserved, hexanucleotide of sgRNAl (GUGAAG 
in the positive strand) with the 5' terminus of sgRNA3 (GACGAC in the positive strand). 
Interestingly, this mutant, SL2SG3 (Fig. 7A), did not produce detectable levels of sgRNAl A 
(0.04-/-0.02, Fig. 7B). We also constructed a mutant, SGP300, with die duplicated putative 
sgRNA3 promoter region (301 nts, 5150-5450) sparming sgRNA3 start site (nt 5348) inserted 
in the Kpn I site in ORF 5 in order to test if this promoter could function outside its wild-type 
location. The mutant produced sgRNAl A (0.72+/-0.04, Fig. 7B) which indicated that the 
sgRNA3-specific 5' terminal hexanucleotide could function in the context of its own 
promoter. This shows that the replicase recognizes very different promoters. 
Discussion 
Re-evaluation of the 5' end of sgRNAl. Here we show that the 5' end of sgRNAl 
is most likely at position 2670 as reported by Kelly et al (53) and not at our originally 
reported site of 2769 (24). The error may have occurred due to a variety of technical 
difficulties, involving mismatches between the probe (from B YDV-PAV Australia) and the 
viral RNA (B YDV-PAV Illinois), and the unexpectedly far upstream location of the 5' end. 
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The difficulty of mapping 5' ends of Luteoviridae subgenomic RNAs is further indicated by 
discrepancies reported in potato leafroll virus (PLRV). Initially, the 5' end of sgRNAI of 
PLRV was reported to be only 40 nt upstream of the coat protein start codon (126). 
However, subsequent analysis mapped it to 212 nt upstream at a region which, like B YDV 
(nts. 2670-2675), shows homology to the 5' end of the genomic RNA (83). Phylogenetic 
comparisons support this latter start site for other Luteoviridae (89). 
Structure and function of sgRNAl. Mutations in the subgenomic promoter 
unveiled roles for three types of structures: (i) one in which the secondary and not the 
primary structure is important (base of SLl), (ii) an ambiguous region where the primary and 
possibly secondary structure both may influence the transcription efficiency (upper stem and 
loop of SLl), and (iii) a region where the primary and not the secondary structure is required 
(stem of SL2). The nuclease probing and phylogenetic analysis support the existence of the 
base of SLl. Stem-loops have been predicted in sgRNA promoters of other RNA viruses 
(76, 140, 149), with the initiation site usually located within a single-stranded region. To our 
knowledge, our data represent the first actual demonstration of a requirement for a specific 
helical domain in a viral sgRNA promoter. The requirement for primary and not secondary 
structure at the sgRNAl initiation site result is consistent with other studies showing the role 
of single-stranded regions for specific protein recognition (5, 99, 104). 
The ambiguous results of the stmcture probing of the distal portion of SLl lead us to 
propose that this portion of the subgenomic promoter forms metastable structures. 
Alternative conformations have been demonstrated for other viral RNAs (93, 110), therefore 
a portion of molecules may also fold as predicted in structure I, or the entire 
AUUCUrAGAAU stem of structure It may be unpaired, giving a very large bulge between 
steins at the top and base of SLl. The 36-base deletion mutant (SLID) lacking this 
ambiguously paired region still retained 20% of wild-type promoter activity. This indicates 
that the deleted region probably does not contact the viral replicase directly, but may provide 
favorable spatial localization of the essential elements. 
Recognition of the sgRNAl promoter by replicase. We propose that SLl acts as a 
replicase recognition site, placing the replicase in proximity to the start site at the base 
complementary to 2670. The double-stranded proximal end (bottom) of SLl may serve only 
to provide the structural foundation that ensures that the sequence at the distal end (top) of 
SLl (Fig. 6) is presented in the proper orientation for specific binding by the replicase. The 
ambiguously structured, nonessential, central portion of SLl may play only an auxiliary role 
in spacing between the distal region and the initiation site. 
This model of a separate RNA binding site and adjacent initiation site resembles 
those proposed for a recombination site in turnip crinkle virus (TCV) satellite RNAs, 
subgenomic promoter recognition by BMV replicase (122), and recognition of bacteriophage 
QP RNA by its replicase (13). The TCV satellite RNA sequence includes a bulged stem-loop 
as the putative repUcase binding site adjacent to the actual site at which RNA synthesis takes 
place (99). The well-characterized BMV promoter differs by its lack of requirement for the 
secondary structure in replicase recognition (122). However, this difference may be 
explained in part by the use of a cell-free transcription system which may have less stringent 
requirements for cis-elements in vitro than those observed in vivo (29). The divergent 
sequences of the three BYDV promoters may allow differential expression of each. Each 
sgRNA promoter may have a separate recognition site on the replicase holoenzyme, each of 
which may be on a separate protein factor as shown for (-h) and (-) strand recognition by Q(3 
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replicase (13), or the sequences may have different affinities for the same site on the 
replicase. 
Possible alternative mechanisms of sgRNAl synthesis. Our data leave open the 
possibility that sgRNAs could be synthesized by premature termination during (-) strand 
synthesis on genomic template followed by independent replication of the sgRNA (87). 
Evidence suggesting such a mechanism has been provided for coronaviruses (17) and 
dianthoviruses (124). Upstream of the sgRNAl 5' end, stem-loops complementary to SLl 
and SL2 are predicted to exist in the (+) strand using MFOLD. The mutations that support a 
role for the heUx at the base of SLl in (-) strand could equally support the role of the 
complementary helix in (+) strand. Such a structure in the (+) strand could inhibit replicase 
migration along the template, favoring termination. The resulting 3' end of the truncated (-) 
strand would resemble that of full-length (-) strand owing to the CACUUC homology, 
allowing it to be recognized and replicated by the replicase. Thus, that essential sequence 
would still be serving the promoter function. 
The premature termination model has been invoked for red clover necrotic mosaic 
dianthovirus (RCNMV), owing to a remarkable base-pairing between the (+) strands of the 
two genomic RNAs of the virus that is essential for formation of sgRNA from genomic 
RNAl (124). The polymerase of RCNMV is closely related to that of B YDV, so a similar 
replication mechanism might apply to BYDV. Because BYDV has only one genomic RNA, 
the termination structure would form either as the complement of SL1 as discussed above, or 
intermolecularly in which two genomic RNA molecules dimerize by base-pairing at the 
complementary sequences that would otherwise form the stem-loop. Alternatively, it is 
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possible that other inter- or intramolecular interactions could generate a transcription 
termination structure. 
Some observations argue against a premature termination model. The disruption of 
the secondary structure at the initiation site (SLl) that increases sgRNAl A synthesis (Fig. 7) 
should have had the opposite effect if sgRNAlA was synthesized by premature termination 
during the negative strand synthesis because stable stems should increase termination (107). 
Furthermore, the role of SLl is more than just providing a stem-loop structure, that would (in 
the (+) strand) block replicase migration, because mutations at the distal end of SLl reduced 
SgRNAlA accumulation iadependent of their effect on secondary structure. 
Role in recombination. The presence of a sgRNA promoter at the 3' end of ORF2 is 
consistent with our proposed model that Luteoviridae genomes recombine at a sub genomic 
promoter in the vicinity of the intergenic region between ORFs 2 and 3 (89). This model 
requires that sgRNAs are generated by intemal initiation of the replicase on the (-) strand. A 
premature termination mechanism, followed by independent replication of the sgRNA, is 
difficult to reconcile with the sgRNA promoter being a recombination hot spot, if a stem-
loop in the (+) strand facilitates termination. However, if base-pairing between genomic 
RNAs occurs as with RCNMV, one could imagine replicase occasionally switching genomic 
RNA strands, rather than terminating at this base-paired region. This type of recombination, 
mediated by base-pairing between template strands, has been demonstrated in brome mosaic 
virus (98). 
Evolution of sgRNA promoters. The small sizes of viral genomes often requires the 
overlapping of protein coding regions with c/j-acting RNA elements. It is an intriguing 
question, how genetic information coding for a protein and an RNA cw-element with which 
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it interacts co-evolved on the same region of viral genome. 0RF2 is very sensitive to 
deletions and point mutations (Fig. 2), while the sgRNA promoters tolerate changes and 
consist of quite diverse sequences. Thus, we propose that sgRNA promoters evolved 
independently at the appropriate genomic locations while allowing overlapping ORPs to 
maintain their function. The size of the BYDV sgRNA 1 promoter is comparable to that in 
other RNA viruses, but no apparent sequence homology can be found with subgenomic 
promoters of members of other virus groups. This diversity among sgRNA promoters of 
related virus taxa and ability to tolerate movement to different regions of the genome (6, 10, 
29, 69, 132, 140) further supports the hypothesis of multiple, independent origins of sgRNA 
promoters. The only conserved secondary structures among the BYDV promoters are the 
SL2-like hairpins flanking all initiation sites (Fig. 4C), yet the SL2 stem structure inhibits 
SgRNA 1 transcription (Fig. 7). Perhaps the SL2-like stems serve as negative regulatory 
elements to prevent too much transcription of the sgRNAs at inappropriate stages in RNA 
replication. Obviously much additional research is necessary to unveil this complex 
interplay of replicase-RNA interactions. 
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Figure legends 
Fig. 1. Mapping the 5' end of sgRNAl of BYDV. The upper part of the figure 
shows the genome organization of BYDV. Boxes represent ORPs (1-6) with the si2es of 
protein products indicated in kilodaltons (K). Bold horizontal lines represent genomic 
(gRNA) and subgenomic (sgRNA) RNAs. The lower part of the figure shows the putative 
SgRNAl promoter region with the reported initiation sites indicated by right-angled arrows. 
SgRNA transcripts (which extend to the 3' end of the genome) that represent sgRNAl's with 
5' ends determined by KeUy et al. (53) (pSGl) and by Dinesh-Kumar et al. (24) (pSP-18) are 
indicated by bold lines below map. The probe for the northem blot hybridization is 
complementary to the region of gRNA between nucleotides 2456 and 2737 (pGK-1, dashed 
line). Northem blot contains total RNA from infected plants (lane 1) or the indicated in vitro 
transcripts. 
Fig. 2. Effect of point mutations around the sgRNAl start site. Northem blot 
analysis showing gRNA and sgRNAl accumulation in protoplasts inoculated with mutant 
full-length genomic transcripts. Total RNA from oat protoplasts (24 hpi) was hybridized 
with a ^'P-labeled transcript complementary to bases 2737-2985 of BYDV gRNA. Each 
mutant was analyzed in duplicate. Altered nucleotides and amino acids are in bold. Arrows 
above each sequence show the sgRNAl transcription start site identified by Kelly et al. (53) 
(position 2670). 
Fig. 3. Ectopic expression of the sgRNAl promoter. (A) Map of the constmct 
PAVSGl A that contains a dupUcated subgenomic promoter region (gray box) inserted in the 
unique Kpn I site of PAV6. The Kpn I site was duplicated in the cloning process. Dashed 
line represents the expected artificial sgRNAl A produced from the duplicated promoter. (B) 
Northern blot shows viral RNAs from protoplasts (24 hpi) inoculated with PAV6 (lanes 2,3) 
and PAVSGIA which has the 314 nt region expected to contain the sgRNAl promoter 
duplicated in the Kpn I site (sgRNAlA, lanes 4 and 5). Uninf., uninoculated protoplasts 
(lane I). RNA degradation products formed a band just below the position of the 18S 
ribosomal RNA (rRNA 'shadow') caused by the very abundant rRNA. The probe is 
transcript from pSPlO, complementary to the 3' terminal 1.5 kb of the viral gRNA. (C) 
Northern blot analysis of RNAs from protoplasts (24 hpi) infected with full-length transcripts 
containing the following portions of the sgRNAl promoter region duplicated in the Kpn I 
site: 2SL, nts 2595-2692; I, nts 2611-2692; J, nts 2595-2679; K, 2611-2679. 
Fig. 4. RNA sequence and secondary structure analysis of the sgRNAl promoter of 
BYDV. (A) Two secondary strucmres (I and H), with the calculated free energies predicted 
using MFOLD (151) contain two stem-loops, SLl and SL2. Bases in bold italics differ 
among Luteoviruses (mostly SbDV, panel B). Boxed base pairs indicate co-variations that 
preserve the predicted secondary structure. Right-angled arrow indicates initiation site (nt 
2670). (B) Alignment of RNA sequences in the subgenomic promoter regions of five BYDV 
strains and SbDV. The BYDV strains are: FAV-Australia (also known as PAV-Vic), (pav-
aus), PAV-Japan, (pav-jap), PAV-Purdue (pav-p), PAV-129 (pavl29), and MAV (mav). 
Bottom line shows consensus sequence (cons). Dashes indicate bases that do not differ from 
consensus. (C) Computer-predicted stem-loop structures in the genomic and subgenomic 
SgRNAl promoter regions of BYDV. Sequence is negative sense, numbering is positive 
sense. The conserved hexanucleotide at the initiation sites is in bold. 
Fig. 5. Nuclease probing of the sgRNAl promoter secondary structure. (A) 
Imidazole and Tl ribonuclease partial digests of 5' end-labeled transcript of pT7SGPl 
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containing the sgRNAl promoter region (negative sense). Gel-purified, end-labeled RNA 
was incubated in 0 M (0) and 0.8 M (I) imidazole under non-denaturing (native) conditions 
for 17 hours (lanes 3 and 4). The non-denaturing T1 digest was performed with 0.01 units of 
the enzyme for 5 min at 37°C (lane 5) (see Materials and Methods). Denaturing digests with 
the T1 (cuts after G) and U2 (cuts A>U) ribonucleases generated markers in lanes 1 and 2. 
The products were separated on a 6% polyacrylamide gel containing 8M urea. The straight 
line beside lane 4 indicates predicted base-paired regions, dashed lines represent predicted 
single stranded junctions and ambiguous regions, curved lines show predicted loops and 
bulges. Double and single arrows represent G's that were cleaved strongly and weakly, 
respectively, by T1 nuclease. Filled circles indicate uncut or very weakly cut G's. (B) 
Solution structure of the sgRNAl promoter. Arrowheads represent the T1 analysis data, 
triangles represent the imidazole digestion data. Larger and smaller symbols indicate strong 
and weak cuts, respectively. 
Fig. 6. Effect of site-specific mutations in the SLl region on sgRNAl A 
accumulation. (A) Mutations in the SLl region of the duplicated sgRNAl promoter. Altered 
structures are boxed, mutant sequences are italicized. The names of mutant constructs are 
above the diagrammed mutations. (B) Subgenomic RNA synthesis by the mutants as 
determined by northern blot analysis. Total RNA from oat protoplasts (24 hpi) was blotted 
and probed with labeled T7 transcript from pSPlO. The names of the mutants are shown 
above individual lanes. The promoter activity values calculated as the ratio of sgRNAl A to 
gRNA level are shown under each lane (+/- standard deviation). Data represent averages 
from three separate experiments for each mutant. 
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Fig. 7. Effect of site-specific mutations in tiie SL2 region on the subgenomic 
promoter activity. (A) Mutations in the SL2 region of the duplicated subgenomic promoter. 






I. Primers used to construct mutants of the duplicated sgRNA promoters. Kpn 
sequences are underlined, mutant nucleotides are in bold, deletions are 
underlined spaces. 
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CHAPTER 3. BARLEY YELLOW DWARF VIRUS UTILIZES VERY DIFFERENT 
PROMOTERS FOR TRANSCRIPTION OF ITS SUBGENOMIC RNAs 
A paper to be submitted to the Journal of Virology 
Guennadi Koev and W. Allea Miller 
Abstract 
Numerous RNA viruses generate subgenomic mRNAs (sgRNAs) for expression of 
their S'-proximal genes. A major step in control of viral gene expression is the regulation of 
sgRNA synthesis by specific promoter elements. We used barley yellow dwarf virus 
(B YDV) as a model system to smdy transcriptional control in a virus with multiple sgRNAs. 
BYDV generates three sgRNAs during infection. The sgRNAI promoter has been mapped 
previously to a 98 nt region which forms two stem-loop strucmres. It was determined that 
SgRNAI is not required for BYDV RNA replication in oat protoplasts. In this study we 
show that neither sgRNA2 nor sgRNA3 is required for BYDV RNA replication. We 
identified negative sense subgenomic-sized RNA species in oat protoplasts infected with 
BYDV. These negative sense RNAs were not detected in mutants deficient in synthesis of 
corresponding sgRNAs. By using deletion mutagenesis, we mapped promoters for sgRNA2 
and sgRNAS. The minimal sgRNA2 promoter is 143 nt long (nt 4810-4952) and is located 
immediately downstream of the putative sgRNA2 start site (nt 4810). The minimal sgRNAS 
promoter is at most 44 nt long (nt 5345-5388) with most of the sequence located downstream 
of sgRNA3 start site (nt 5351). This is in contrast to the sgRNAI promoter, in which most of 
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the promoter sequence is located upstream of the transcription initiation site. Computer 
prediction and phylogenetic analysis of the minus strand RNA suggested formation of a 
branched stem-loop structure in the sgRNA2 promoter region and a hairpin and a single-
stranded stretch in the sgRNA3 promoter region. RNA sequence and secondary structure 
comparisons of the three subgenomic promoters of BYDV revealed no homology between 
these elements demonstrating that an RNA virus with multiple sgRNAs can have very 
different subgenomic promoters. 
Introduction 
Synthesis of subgenomic mRNAs (sgRNA) is a common strategy used by positive 
sense RNA viruses for expression of their 3'-proximal genes. In combination with other 
strategies such as unconventional translational events and posttranslational proteolytic 
processing of precursor polyproteins, it allows efficient utilization of the viral genetic 
material. During infection, many viruses produce sets of one or more sgRNAs that are 3' 
coterminal with their genomes. Synthesized later in infection, sgRNAs encode late viral 
genes whose products are required for pathogenesis and particle formation. Alphaviruses 
such as Sindbis virus and the alpha-like multipartite Bromoviridae produce one sgRNA for 
expression of the coat protein. Plant viruses that belong to such groups as potexvirus, 
tombusvirus, carmovirus, and tobamovirus, as well as some other alpha-like viruses, produce 
two or three sgRNAs for expression of the coat protein and movement proteins. RNA 
viruses with larger genomes such as Closteroviridae (also alpha-like) and the Nidovirales 
produce up to nine and seven sgRNAs, respectively (44, 66). 
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Several potential mechanisms for sgRNA synthesis have been proposed. However, 
only one mechanism, de novo internal initiation at a subgenomic promoter, has been 
unequivocally demonstrated, (90, 131, 140). Other models include premature termination of 
minus strand synthesis with subsequent independent replication, RNA splicing, and 
discontinuous transcription models. The premature termination mechanism has been 
suggested for red clover necrotic mosaic dianthovirus (RCNMV) (124). RNA splicing and 
two different versions of the discontinuous transcription mechanism (leader priming and 
recombination during minus strand synthesis) have been proposed for coronaviruses and 
other Nidovirales (jc&v. in (66)). 
Regardless of the actual mechanism of sgRNA synthesis, cis-acting elements required 
for transcription have been named subgenomic promoters. Subgenomic promoters have been 
mapped and characterized in several viruses (6, 10, 29, 52, 59, 70, 132, 139, 140, 149). The 
best-studied example is the promoter of RNA4 of brome mosaic virus (BMV) (1, 29, 122). 
The length of the subgenomic promoters, as mapped in vivo, ranges from 24 nt in Sindbis 
virus (70) to over 100 nt in beet necrotic yellow vein virus (BNYVV) (6). Almost all 
subgenomic promoters characterized to date, with the exception of that of BNYW (6), are 
located largely upstream of the transcription start site. A combination of primary RNA 
sequence and secondary structural elements has been found to be required for sgRNA 
transcription in vivo (59, 139). In contrast, in vitro experiments with purified BMV replicase 
showed the importance of the primary RNA sequence, but not the secondary structure, for 
promoter activity (122). This may indicate that some components of the transcription 
complex are missing from in vitro systems. Interestingly, genomic locations of 
transcriptional control elements are not always confined to the areas colinear with the sgRNA 
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5' ends, which suggests involvement of long-distance interactions in transcriptional 
regulation. Synthesis of sgRNAs of the coronavirus mouse hepatitis virus (MHV) is 
controlled not only by the intergenic regions (putative subgenomic promoters) but also by the 
3' UTR (46,73). The 5' end of potato virus X (PVX) influences sgRNA transcription (55, 
82), and an enhancer element exerts long distance regulation of tomato bushy smnt virus 
(TBSV) sgRNA synthesis at a promoter located over 1000 bases downstream (150). 
Insertion of a heterologous sequence in the 3' UTR of tobacco mosaic virus (TMV) resulted 
in increased sgRNA transcription (121). One of the most unusual types of transcriptional 
control has been uncovered in the bipartite virus RCNMV where transcription of the sgRNA 
from RNAl template is activated by base-pairing between regulatory elements in RNAs 1 
and 2 (124). 
Considering RNA promoters to be regions recognized by viral RNA polymerases or 
associated subunits, it is natural to expect conservation of certain feamres that determine 
specificity of this recognition. Indeed, viruses that have more than one sgRNA, often contain 
short stretches of homologous sequence near their transcription initiation sites (rev. in (66, 
74)). However, these short regions by themselves are insufficient for transcription and serve 
as parts of larger subgenomic promoters. Turnip crinkle virus (TCV), which has two 
sgRNAs, also contains stable hairpins in both promoters in addition to the conserved 5'-
GGG-3' sequence at the initiation sites (140). To our knowledge, no data are available on 
mapping and detailed characterization of subgenomic promoters in other viruses containing 
multiple sgRNAs. However, based on the notion that the expression of gene products 
encoded by sgRNAs may be differentially regulated, it is reasonable to predict differences in 
the promoter structures within one virus. 
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In this study we characterize transcriptional control of the three sgRNAs of barley 
yellow dwarf virus (BYDV). B YDV belongs to the genus Luteovirus of the family 
Luteoviridae (84). The virus has a 5.7 kb gRNA that encodes 6 open reading frames (ORFs) 
(Fig. lA). Only ORFs 1 and 2, which encode viral replication proteins, are translated from 
the gRNA. SgRNAl serves as the mRNA for ORFs 3-5. ORFs 3, 4, and 5 encode the 22 
kDa coat protein, the 17 kDa protein required for plant systemic infection (18), which is 
translated by the leaky scarming mechanism (25), and the extension of the coat protein 
required for aphid transmission, produced by the translational readthrough (24). ORF6 
encodes a highly variable 6.7 kDa protein of unknown flmction which is expressed via 
sgRNA2. SgRNA3, at 0.3 kb, is the smallest sgRNA. It does not encode any protein, and its 
role in the viral life cycle is unclear. 
The family Luteoviridae contains two major genera, Luteovirus and Polerovirus (78). 
Members of both genera share high degree of homology in the part of their genomes that 
contains ORFs 3-5. The 5' halves, which contain replicase genes, are as divergent as 
possible: the Polerovirus replicase belongs to the supergroup 1, and the Luteovirus replicase 
belongs to the supergroup 2 (60). Such genomic organization implies occurrence of a 
recombination event in the evolution of the family. The putative crossover sites are located 
at the regions corresponding to the sgRNAl and sgRNA2 promoters of BYDV (89). We 
have previously characterized the sgRNAl promoter and mapped it to a 98 nt region with the 
majority of the sequence (75 nt) located upstream of the transcription start site (59). We 
have also shown that the promoter folds into two stem-loops, and that both RNA sequence 
and secondary structural elements are important for its activity. 
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We proposed recently that sgRNA2 plays a role in translational regxilation of B YDV 
gene expression (141). Unlike the majority of eukaryotic mRNAs, BYDV genomic RNA is 
uncapped (2). To compensate for the lack of the 5' cap, the virus has evolved a cis-element 
at the 3' UTR that mediates its cap-independent translation (142, 143). This 3' translational 
enhancer (3'TE) located between nt 4810 and 4920 is indispensable for virus replication (2). 
Interestingly, when acting in trans, the 3'TE inhibits translation of BYDV RNA. In vitro, 
sgRNA2, which contains the 3'TE in its 5' UTR, strongly inhibits translation of the gRNA in 
trans, but only weakly inhibits translation of sgRNAl (143). Thus, we suggest that sgRNAZ, 
which accumulates to a 20-40-fold molar excess over gRNA, mediates the switch from the 
early (replicase) to the late (coat protein) gene expression (141). Understanding sgRNA2 
transcriptional regulation wiU help in testing this model. 
Here we report characterization of the sgRNA2 and sgRNA3 promoters of BYDV 
and compare them to the sgRNAl promoter. We demonstrate that the three subgenomic 
promoters of BYDV have very limited sequence homology and share no structural 
resemblance. 
Materials and Methods 
Plasmids. The full-length infectious clone of BYDV-PAV, pPAV6 (23), was used to 
develop mutant constructs. To make sgRNA2 knock-out mutants (SG2A/U, SG2G/C), PGR 
amplification product of downstream mutagenic primers (SG2A/T and SG2G/C, 
respectively) and the upstream primer CB0416 (Table 1) was digested with Kpn I and BamH 
I and subcloned into pSGl (141), containing region corresponding to sgRNAl of BYDV, cut 
with the same enzymes. The resulting plasmids were digested with Kpn I and Sma I, the 
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fragments corresponding to the 3' region of BYDV were purified by 0.8% low-melt agarose 
gel electrophoresis and subcloned into pPAV6 cut with the same enzymes. SgRNA3 knock­
out mutants (SG3G/C and SG3G/C2) were constructed by two-step PGR (67). In the first 
step, a region of PAV6 was amplified using the upstream mutagenic primer (SG3G/C and 
SG3G/C2) and the downstream primer, 3'wt (Table 1). The gel-purified product was used as 
a downstream primer in PGR with the upstream primer CB0416. The resulting product was 
digested with Kpn I and Sma I and subcloned into pPAV6 cut with the same enzymes. 
The PAVDSGP2-(I-8) deletion series was constructed by using two-step PGR (67). 
In the first step, a region of PAV6 was amplified by a mutagenic upstream primer (4620D, 
4686D, 4706D, 4729D, 4763D, 4790D, 4810D, 481 ID, respectively) and a downstream 
primer pOlS (Table 1). The product was gel-purified and used as a downstream primer in the 
second step PGR with the upstream primer GB0416. The product of the second step PGR 
was digested with Kpn I and BamHl, gel-purified and subcloned into pSGl cut with the 
same enzymes. The resulting plasmid was cut with Kpn I and Sma I and the fragment 
containing the deletion mutation was gel-purified and subcloned into pPAV6 cut with the 
same enzymes. 
For sgRNA2 and sgRNA3 promoter mapping by duplication in the Kpn I site of 
PAV6, promoter regions were PCR-amplified with primers listed in Table 1, which contained 
flanking Kpn I sites. The products were digested with Kpn I and subcloned into pPAV6 cut 
with Kpn I except constructs SGP2BG/G, SGP2D, SGP2E, and SGP2E-BF, which were 
subcloned into the Kpn I site of SG2G/G. 
All mutants were confirmed by sequencing. 
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Protoplast infection and northern blot analysis. Oat protoplasts were prepared and 
electroporated with infectious transcripts essentially as described in (25). Infectious 
transcripts were prepared using the Megascript T7 RNA in vitro transcription system 
(Ambion, Austin, TX). Ten to fifteen micrograms of RNA was used for electroporation. 
Total RNA was extracted from protoplasts -24 hours postinoculation (hpi) using RNeasy 
plant RNA isolation kit (QIAGEN, Los Angeles, CA). For minus strand detection, RNA was 
isolated following the procedure described in (119), using aurin tricarboxylic acid as RNase 
inhibitor. RNA (5-10 |ig) was analyzed by northern blot hybridization essentially as 
described in (119). A ^^P-labeled riboprobe complementary to the 3' terminus of BYDV was 
used to detect viral gRNA and sgRNAs. For positive strand detection, the plasmid pSPlO 
(24) was linearized with Hind EH and used in an in vitro transcription reaction with T7 RNA 
polymerase. For negative strand detection, the same plasmid was linearized with Sma I and 
transcribed in vitro with SP6 RNA polymerase (Promega, Madison, WI). GeneScreen nylon 
membranes (Dupont) were hybridized with the probes and exposed to Phoshporlmager 
(Molecular Dynamics, Sunnyvale, CA) screens for 5-24 hours (positive strand detection) or 
2-4 days (negative strand detection). 
RNA sequence and structure analysis. Sequence alignments of BYDV isolates 
were performed using GCG software. RNA secondary structure predictions were done using 
the MFOLD program, version 3.0, at the MFOLD website 
(http://mfold2.wustl.edu/-mfoId/ma/fonnl.cgi) (77, 152). 
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Results 
SgRNA2 and sgRNA3 are not required for vims replication in oat protoplasts. 
In our previous study we showed that sgRNAl, which encodes the coat protein, is not 
required for viral RNA replication in oat protoplasts (59). To determine the roles of sgRNA2 
and sgRNA3 in BYDV replication, we developed mutants defective in their synthesis. In 
order to make sgRNA2 and sgRNA3-deficient mutants, we changed their initiation sites in 
the fuU-length viral infectious clone PAV6 (23). The 5' ends of sgRNAs 2 and 3 were 
previously mapped to the nucleotides 4809 and 5348, respectively (53). By using site-
directed mutagenesis, we changed the sgRNA2 5' terminal nucleotide A to a U (mutant 
SG2A/U) and the sgRNA3 5' terminal nucleotide G to a C (mutant SG3G/C) (Fig. 1 A). 
Northem blot analysis of the total RNA from infected protoplasts showed, surprisingly, that 
neither of these mutations had any effect on the accumulation of these sgRNAs (Fig. IB). 
Based on the requirement for the correct initiation nucleotide for BYDV sgRNAl 
synthesis (59) and sgRNA transcription in other viruses (122, 132, 139), it appears that the 5' 
termini of BYDV sgRNAs 2 and 3 may have been mismapped. SgRNAs 1 and 2, as well as 
the genomic RNA of BYDV, share a conserved hexanucleotide GUGAAG at their 5' ends 
(53), and sgRNAl starts at the first G of this hexanucleotide, whereas sgRNA2 start was 
mapped to an A one nucleotide upstream of the conserved G (53). Therefore, by analogy 
with SgRNAl, we mutated the first G of the conserved hexanucleotide at position 4810 to a C 
in the mutant SG2G/C (Fig. lA). SgRNA3 5' terminus lacks the conserved hexanucleotide. 
In an attempt to make a sgRNA3-defficient mutant, we changed the nearest G at position 
5351 to a C in mutant SG3G/C2 (Fig. 1 A). Both mutants failed to produce their respective 
sgRNAs. Neither mutation negatively affected viral replication and transcription (Fig. IB), 
indicating that neither sgRNA2 nor sgRNA3 is required for virus RNA replication in 
protoplasts. These data also suggest that the 5' ends of sgRNA2 and sgRNA3 correspond to 
the nucleotides 4810 and 5351, respectively. Thus, all B YDV sgRNA 5' termini appear to be 
guanosine residues which is consistent with those in other members of the virus supergroup 
2, such as carmoviruses (140) and tombusviruses (150). 
Mapping the boundaries of sgRNA2 promoter. We attempted to map the sgRNA2 
promoter 5' boundary by using deletion mutagenesis of the sequence upstream of the start 
site (Fig. 2A). Surprisingly, all deletions, except PAVDSGP2-8, had litde effect on sgRNA2 
accumulation, indicating that the 5' border of the sgRNA2 promoter is located at the putative 
transcription start site (nt 4810) (Fig. 2B). It also confirmed the result of the previous 
experiment, which indicated that synthesis of sgRNA2 probably does not initiate at position 
4809 (Fig. IB), as reported previously (53), because the deletion in mutant PAVDSGP2-7 
included A4go9 (replacing it with a uridine). This did not abolish sgRNA2 accumulation. This 
result indicated that no RNA sequence upstream of the transcription start site is needed for 
sgRNA2 synthesis. 
The 5' end of sgRNA2 includes the 3'TE (nt 4810-4920), therefore, the promoter may 
overlap it. Thus, mutations in the subgenomic promoter may knock out 3'TE, which would 
be lethal (2). To map the 3' boundary of the sgRNA2 promoter, we duplicated it in the 
unique Kpn I site (nt 4154) of the BYDV genome in ORF5 (Fig. 3 A), as we did previously 
for SgRNA 1 promoter mapping (59). This ectopic expression of sgRNA has been done in 
other viruses (6, 10, 29, 69, 132, 140). ORF5 is not required for virus replication in 
protoplasts (96). Mutants SGP2B and SGP2C that contained 143 nt downstream of the 
transcription start site (nt 4810), duplicated in the Kpn I site, produced an artificial sgRNA of 
the expected size (sgRNA2A, Fig. 3B). Mutant SGP2A, which contained only 91 nt 
downstream of the start site, gave no sgRNA (Fig. 3B). 
The amount of the artificial sgRNA2A synthesized by the mutants SGP2B and 
SGP2C was very low (Fig. 3B). Previous studies of the BMV subgenomic promoter (29) and 
the sgRNAl promoter of BYDV (59) showed that downstream sgRNA promoters are 
preferentially used, and they reduce expression from those located upstream. Thus, to 
increase transcription from the ectopic (upstream) promoter, we subcloned it into the mutant 
SG2G/C that does not produce sgRNAZ in its natural location (Fig. 1 A). Indeed, the same 
267-nt region used in mutant SGP2B resulted in a much higher level of artificial sgRNAZA 
transcription in the context of SG2G/C (mutant SG2BG/C, Fig. 3B). To map the 3' boundary 
of the promoter, we tested two additional mutants that contained the duplicated sgRNA2 
promoter region extending from the transcription start site (4810) to positions 4922 and 4952, 
respectively (SGP2D and SGP2E, Fig. 3A). Only SGP2E produced artificial sgRNA2A, 
defining the 3' promoter boundary to a region between nucleotides 4922 and 4952 (Fig. 3B). 
Thus, we mapped the minimal sequence required for sgRNA2 synthesis to the 143 nt located 
between nucleotides 4810 and 4952 of the BYDV genomic RNA. SGP2BG/C, which 
included 120 nt upstream, gave more sgRNA than SGP2E indicating that it may contain an 
enhancer sequence. However, it is clear that region from 4810-4952 is sufficient for 
transcription. Interestingly, this includes an essential sequence located between nucleotides 
4922 and 4952, over 100 nt downstream of the start site. 
To test whether the 3'TE and sgRNA2 promoter are functionally connected, we 
introduced a small mutation into the sgRNA2 promoter construct in the Kpn I site, which was 
shown previously to abolish the function of the 3'TE (143). The mutation is a 4 nt 
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duplication inserted in the BamHl site within the 3'TE (SGP2E-BF, Fig. 3) (143). When 
this duplication was present in the extra copy of the sgRNA2 promoter, it had no effect on 
the sjnithesis of artificial sgRNA2A. This indicates that the sgRNA2 promoter does not 
require a functional 3'TE sequence, suggesting that they function independently of each other 
(Fig. 3B). 
Mapping the sgRNA3 promoter. The reported transcription start site of sgRNA3 
(nt 5348) is located within the 3'IJTR of BYDV RNA (53). A mutant widi a 100-nt deletion 
spanning the sgRNA3 start site failed to replicate in protoplasts (C. Paul and WAM, 
unpublished data). This made it potentially difficult to map the sgRNA3 promoter in its 
original location by deletion mutagenesis. Thus, as with sgRNAs 1 and 2, we duplicated the 
sgRNA3 promoter and inserted it in the Kpn I site of BYDV RNA. The minimal sequence 
required for sgRNA3 synthesis was a 44 nt region located between nucleotides 5345 and 
5388 (Fig. 4). This is the smallest subgenomic promoter of BYDV. Similar to the sgRNA2 
promoter and unlike the sgRNAI promoter, it is located mostiy downstream of the 
transcription start site. 
BYDV sgRNA promoters have limited sequence homology. In an attempt to find 
common elements within sgRNA promoters of BYDV, we analyzed nucleotide sequences of 
the three subgenomic promoters. Because only the sgRNA2 and sgRNA3 promoters are 
located mostiy downstream of the start site, proper alignment of the three promoters was 
difficult. We chose sgRNA transcription initiation sites as the start points of our analysis. 
Surprisingly, besides the conserved hexanucleotide (CUCAAC) in the (-) strand of promoters 
for sgRNAs 1 and 2, no significant sequence homology was found between overlapping 
regions of the three subgenomic promoters (Fig. 5A). 
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To explore the conservation of sgRNA promoters, we performed sequence alignments 
of the promoter regions in the negative strands of different strains of B YDV. Aligimients of 
both sgRNA2 and sgRNA3 promoter regions showed significant sequence conservation 
among various strains of the virus (Fig. 5 B and C). Sequences of BYDV-PAV129 and 
BYDV—MAV sgRNA2 promoters appeared most divergent, containing stretches of non­
homologous regions. The conservation of the sgRNA2 promoter sequence could be due to 
conservation of the essential 3'TE that is contained within it, rather than to conservation of 
promoter function. 
Interestingly, BYDV-PAV129 lacks any sequence resembling the sgRNA3 promoter. 
Thus, we were unable to use sequence of BYDV-PAV129 for alignment of the sgRNA3 
promoter regions. It is not known whether BYDV-PAV129 produces sgRNA3. 
BYDV SgRNA promoters have different secondary structures. We have shown 
previously that both RNA primary and secondary structures are required for sgRNA 1 
synthesis (59). Therefore, we analyzed sgRNA2 and sgRNA3 promoter regions for potential 
secondary structure. Figure 6A presents optimal (AG=-42.2 kcal/mol) and suboptimal (AG=-
40.8 kcal/mol) conformations of sgRNA2 promoter predicted using MFOLD (77, 152). The 
two conformations share identical stems at the base and two stem-loops (SL2 and SL3) at the 
top of the structure. The suboptimal stracture has a different midsection and an additional 
stem-loop (SLl) which creates a four-way junction. The conservation of the SL3 structure, 
inspite of the sequence divergence in BYDV-MAV and BYDV-PAV129 (Fig. 5B), suggests 
its potential importance. The co-variation found in the middle helix of the suboptimal 
structure favors formation of that structure and not of the theoretically most energetically 
stable one. The G-U pairs that co-vary with Watson-Crick pairs indicate selection for 
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conservatioa of base-paired regions that would not form in the positive strand. The sgRNA3 
promoter sequence is predicted to fold into a hairpin structure and a single-stranded region 
and due to its small size does not offer any ambiguities. 
Comparison of the secondary structure of sgRNAl promoter and the structures 
predicted for the other two promoters showed no common elements (Fig. 6C), indicating that 
B YDV SgRNA transcription is controlled by very divergent cis-elements. 
BYDV generates (-) strand RNAs of the subgenomic RNA size. In an attempt to 
gain insights into the mechanism of sgRNA synthesis of BYDV, we analyzed negative strand 
RNA species generated during protoplast infection. In addition to the negative strand 
genomic RNA, we detected subgenomic-size negative strands (Fig. 7). BYDV mutants 
deficient in sgRNA 1 synthesis, Kel-6 and Kel-f (59), the mutant deficient in sgRNA2 
synthesis, SG2G/C, and the mutant deficient in sgRNA3 synthesis, SG3G/C2, failed to 
produce detectable levels of respective (-)sgRNAs (Fig. 7). Interestingly, we also detected an 
RNA species migrating between gRNA and sgRNA 1, which we believe, is an undenatured 
double-stranded replicative form of sgRNAl. This RNA is missing in both sgRNAl-
deficient mutants. 
Discussion 
One of the surprising findings of this study was the fact that mutations of sgRNA2 
and sgRNAS start sites as mapped by Kelly et al. (53), did not abolish sgRNA synthesis. 
Both sgRNAs were mapped by using primer extension assuming that sgRNAs are colinear 
with the gRNA. However, this is not true for all viruses. To our knowledge, no data exist on 
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direct sequencing of isolated sgRNAs of BYDV. Potentially, there may be non-templated 
addition of S'-terminal nucleotides that would complicate precise mapping of their 5' ends. 
Roles of BYDV sgRNAs. Our experiments have shown the lack of requirement for 
sgRNAs 2 and 3 for viral RNA replication ia protoplasts. We have demonstrated previously 
that sgRNAl is also dispensable for viral RNA replication. It serves as the mRNA for the 
viral coat protein which is usually not required for replication of positive sense RNA viruses, 
with the exception of alfamoviruses and ilarviruses (rev. in (51)). Lack of requirement for 
sgRNA2 supports a previous observation that the ORF6 product encoded by sgRNA2 is not 
required for replication (96). Nevertheless, we expected that sgRNA2 may influence gRNA 
replication based on a novel regulatory role it may play in viral translation (141). This role is 
to preferentially inhibit translation of the viral replicase from the gRNA, thereby mediating 
the switch to the late gene expression (coat protein) from sgRNAl. Based on this model, it is 
not surprising that absence of sgRNA2 does not abolish virus replication, because none of the 
products of SgRNAl are necessary for viral RNA replication in protoplasts. 
While the lack of sgRNA2 transcription in SG2G/C did not adversely affect viral 
RNA replication, it might have deleterious consequences for other aspects of the viral life 
cycle that would not be detected by the assays used in this study. For example, the disruption 
of the stoichiometry of viral RNA and protein accumulation may result in inefficient 
encapsidation or movement of the virus. The product of 0RF6, while dispensable for 
replication, may be needed for other processes. Another potential role for both sgRNAs 2 
and 3 would be attenuation of virus replication, which could prevent premature death of the 
host and allow a larger window for transmission. Therefore, sgRNAs 2 and 3 may be a type 
of molecular parasites (much like satellites and DIs), whose presence, however, created 
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selective advantage for the virus. In planta infection experiments with mutants lacking 
sgRNAs will address these possibiUties. 
Recognitioa of divergent promoters. The mapping experiments, sequence 
alignments, and RNA secondary structure predictions clearly demonstrate the lack of 
homology between the sgRNA promoters of B YDV. Location of sgRNA2 and sgRNA3 
promoters downstream of the transcription initiation sites, in contrast to the sgRNAl 
promoter and the vast majority of subgenomic promoters mapped in other RNA viruses (10, 
29, 52, 59, 70, 132, 139, 140, 149), is especially striking. This raises the question: how does 
the replicase complex recognize such different promoters? Either it has multiple RNA 
recognition domains or there are separate RNA-recognizing proteins for each promoter, and 
each of these interacts with the replicase. Various host proteins have been found associated 
with viral replication and transcription complexes (rev. in (64)). Different host factors 
control the specificity of bacteriophage QP replicase for the positive and negative strands of 
QP RNA (13). 
An RNA virus may evolve divergent promoters for differential temporal regulation of 
SgRNA accumulation, if such regulation provides selective advantage. Also, overlapping of 
subgenomic promoters and important ORFs and cis-acting elements in a small virus may 
result in evolution of dissimilar promoters. For example, the sgRNA 1 promoter sequence 
has to accommodate an essential part of the replicase coding region and part of the 5' UTR of 
SgRNAl that controls translation (2). The region that contains the sgRNA2 promoter 
overlaps the 3'TE and part of ORF6, as well as the sgRNA2 5' UTR. The sgRNA3 promoter 
is located in the region important for virus RNA replication (C. Paul and WAM, 
unpublished). 
More detailed characterization of sgRNA2 and sgRNA3 promoters is needed to 
elucidate RNA primary and secondary structural requirements for promoter activity. The 
negative strand-specific conservation of the sgRNA2 promoter secondary structure suggests 
its potential importance for transcription. Studies with other RNA viruses have shown 
involvement of RNA secondary structure in various processes of the viral life cycle including 
RNA transcription and replication. The lack of stmctural homology between B YDV 
subgenomic promoters is surprising. This contrasts to TCV whose promoters have similar 
stable hairpins immediately upstream of the start site (140). The hairpin predicted to form 
within the sgRNA3 promoter structurally resembles SL2 of sgRNAl promoter (Fig. 6, 
compare B and C). However, not only is SL2 secondary structure not required for sgRNAl 
transcription, it inhibits promoter activity (59). It will be interesting if future smdies show 
that sgRNA3 promoter has no secondary structure requirement, and that the hairpin has 
evolved to attenuate transcription, the role we suggested for SL2 of sgRNAl promoter (59). 
Mechanism of sgRNA synthesis. Based on the fact that internal initiation of sgRNA 
synthesis on the negative strand is the only unequivocally demonstrated mechanism of 
transcription in plant RNA viruses, and that B YDV replicase belongs to the supergroup 2, the 
same supergroup as TCV, which employs internal initiation for its transcription, we favor the 
internal initiation model as the mechanism of sgRNA synthesis in B YDV. However, as we 
have indicated (59), we do not exclude the possibility that premature termination with 
independent replication could be the true mechanism as suggested for RCNMV (124). For 
example, the region identified as the sgRNAl promoter, which contains a helical structure 
indispensable for sgRNA synthesis, can form identical secondary structures in both the 
positive and the negative strands (59). The remarkable overlapping of the 3'TE region with 
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the sgRNA2 promoter suggested that the same RNA element has a dual function. 
Potentially, the 3'TE could function indirectly as a sgRNA2 "promoter" in the positive 
strand, by serving as a terminator of the (-) strand sgRNA2 synthesis, which is consistent 
with the premature termination mechanism of sgRNA production. Conceivably, binding of 
the factor(s) that interacts with the 3'TE, could create an obstacle for the viral RdRp 
synthesizing negative strand RNA, causing termination and release of the (-)sgRNA2 which 
would serve as a template for (+)sgRNA2. However, the BamH I fill-in mutation, while 
lethal for the 3'TE, did not affect synthesis of sgRNA (Fig. 3), which argues against 
functional connection between 3'TE and sgRNA2 promoter. Also, the phylogenetic 
conservation of the predicted secondary structure of sgRNA2 promoter in the negative strand 
(G-U pairs. Fig. 6A) argues that the negative strand contains an important transcription 
initiation signal. No such phylogenetic evidence has been found for either sgRNA I or 
sgRNA3 promoters. 
Our data show that during infection, BYDV generated both genomic and 
subgenomic-sized negative strands of RNA. Mutants deficient in sgRNA production, 
however, did not accumulate detectable levels of (-)sgRNAs. These data are consistent with 
both transcription models because, while (-)sgRNAs may be primary transcription products 
and serve as templates for (+)sgRNA synthesis, they may instead be dead-end products 
synthesized off the (+)sgRNA templates that contain the 3' replication origin. They also may 
potentially function in replication of (+)sgRNA which is originally produced by internal 
initiation. A similar compromise model has been suggested for coronaviruses by Brian and 
colleagues: (+)sgRNAs initially synthesized by leader priming might be amplified by 
replication via a (-)sgRNA intermediate (120). 
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Mutations that resulted in the lack of sgRNA synthesis may have disrupted either the 
replicase recognition region in the negative strand or the termination element in the positive 
strand. Unfortunately, to our knowledge, no conclusive experimental data are available on 
the termination process in positive sense RNA viruses, which would allow us to compare 
sgRNA promoter regions with structures involved in termination of RNA synthesis. 
Involvement of RNA secondary structure has been suggested in RdRp pausing that leads to 
recombination in RNA viruses (27, 65). Evidence from studies done with rhabdoviruses and 
retroviruses suggests that termination could be both sequence and secondary structure 
dependent (9, 40, 56, 129). 
The increase of activity of the ectopic sgRNA2 promoter due to a knock-out of its 
downstream endogenous copy is consistent with observations made in both the alpha-like 
BMV (29) and the coronaviruses (133). BMV uses internal initiation for sgRNA synthesis 
(90), however consensus has not been reached on the coronavirus transcription model. 
Subgenomic promoter attenuation by other downstream promoters is also consistent with 
both transcription models (133). The attenuation effect could result either from viral RdRp 
dissociating from the plus strand template when it encounters a subgenomic promoter 
(terminator) or from RdRp pausing and subsequendy dissociating at the promoters on the 
minus strand where other transcription initiation complexes assemble. Either way, the largest 
SgRNA would experience the highest number of obstacles during its synthesis and therefore 
will be the least abundant. More studies need to be done in order to unveil the mechanism of 
SgRNA synthesis in BYDV. 
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Figure legends 
Fig. 1. SgRNA2 and sgRNA3 knock-out mutagenesis. (A) BYDV genome 
organization. Black boxes represent ORFs with their numbers. Numbered solid lines 
represent sgRNAs. Nucleotides at the 5' end of each sgRNA are shown in boxes with 
mutations in bold-italic. Name of each construct is to the left of each box. (B) Northern blot 
analysis of total RNA from oat protoplasts infected with the wild type and mutant transcripts 
(-24 hpi). A riboprobe complementary to the 3' terminal 1.5 kb of BYDV gRNA was used. 
Left panel shows the wQd type virus (PAV6) and the constructs whose mutations failed to 
abolish sgRNA synthesis (SG2A/U and SG3G/C). Right panel shows PAV6 and sgRNA2 
and sgRNA3-deficient mutants (SG2G/C and SG3G/C2). Bands corresponding to gRNA and 
sgRNAs are indicated. 
Fig. 2. Deletion mapping of the 5' border of sgRNA2 promoter. (A) Maps of the 
constructs (PAVDSGP2-1 through PAVDSGP2-8) used in the experiment. Location of the 
sgRNA2 start site, as reported by Kelly et al. (53), is indicated by an arrow. The 5' terminal 
sequence of sgRNA2 is shown in italics underneath. Sites of deletions are indicated by the 
broken lines. Boundaries of deletions are designated by nucleotide positions not included in 
the deletions. (B) Northern blot analysis of total RNA from oat protoplasts infected with the 
wild type and deletion mutant transcripts (-24 hpi). 
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Fig. 3. Mapping sgRNA2 promoter by ectopic expression. (A) Map of the constructs 
that contain duplicated copies of the sgRNA2 promoter (box with an arrow) in the Kpn I site 
which is duplicated in the cloning process. The gray box represents the 3'TE. The artificial 
sgRNA2A is indicated by the dashed line. Arrows with numbers indicate PCR primers used 
to amplify promoter regions for ectopic expression. Lengths of the duplicated regions (in nt) 
shown in italics. SGP2E-BF contains the same sgRNA2 promoter region duplication as does 
SGP2E, but with the BamH I fiU-in mutation (143) (shown in boldface italics). (B) Northern 
blot analysis of total RNA from oat protoplasts (-24 hpi) infected with the wild t>^e and 
mutant transcripts. Left panel shows PAV6 and the constructs with sgRNA2 promoter 
duplicated in the Kpn I site of PAV6. Right panel shows PAV6 and the constructs with 
sgRNA2 promoter duplicated in the Kpn I site of SG2G/C, a mutant deficient in sgRNA2 
synthesis. 
Fig. 4. Mapping sgRNA3 promoter by ectopic expression. (A) Map of the promoter 
regions duplicated in the Kpn I site of PAV6. Arrows with numbers indicate PCR primers 
used to amplify promoter regions for ectopic expression. Lengths of the duplicated regions 
(in nt) shown in italics. Position of the sgRNA3 start site, as reported by Kelly et al. (53), is 
shown in bold. (B) Northem blot analysis of total RNA from oat protoplasts (~24 hpi) 
infected with the wild type and mutant transcripts. 
Fig. 5. Sequence analysis of sgRNA promoters. All sequences are negative sense. 
Numbers that show nucleotide positions refer to the positive sense of B YDV-PAV-Australia 
gRNA. (A) Alignment of subgenomic promoter sequences of BYDV. Transcription 
initiation sites of the three subgenomic promoters are aligned, and only the overlapping 
regions are shown. The conserved hexanucleotide CACUUC is shown in bold. Dashes 
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indicate the lack of consensus. (B) Alignment of sgRNA2 promoters in different strains of 
BYDV: PAV-Japan (pav-jap, accession D85783), PAV-Purdue (pav-p, accession D11032, 
DO 1214), PAV-Australia (pav-aus, accession X07653), PAV-129 (pavl29), and MAV (mav, 
accession D11028, DO 1213). In the consensus sequence, bases conserved in all strains are 
shown in upper case, those conserved in three or four strains are shown in lower case. Gaps 
are designated by dots. The 3'TE is located between nt 4810 and 4920. (C) Alignment of 
sgRNA3 promoters in three strains of BYDV. Strains are designated as in (B). In the 
consensus sequence, bases conserved in all three strains are shown in upper case, those 
conserved in two strains are shown in lower case. 
Fig. 6. Analysis of secondary structures of sgRNA promoters of BYDV (negative 
sense). Angled arrows indicate sgRNA initiation sites. (A) Potential secondary structures of 
sgRNA2 promoter predicted by MFOLD. The optimal and suboptimal conformations are 
shown with the calculated free energy (AG) indicated for each structure. Nucleotides that 
vary in different strains of BYDV are in boldface italics. Base-pair co-variations that 
preserve proposed secondary strucmre are boxed. Extra bases in PAV129 extend the stem of 
SL3 (boxed). The variable distal end of SL3 in MAV is also boxed. (B) An MFOLD 
secondary structure prediction for sgRNA3 promoter. (C) Secondary structure of sgRNAl 
promoter supported by MFOLD analysis, phylogenetic evidence, and nuclease probing (59). 
Fig. 7. Detection of positive and negative sense RNA in oat protoplasts infected with 
PAV6 and mutants deficient in sgRNAl synthesis (Kel-6 and Kel-f), sgRNAZ synthesis 
(SG2G/C), and sgRNA3 synthesis (SG3G/C2). Northem blot analysis of total RNA from 
infected protoplasts probed for the positive (left panel) and the negative (right panel) strands 
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of BYDV. The putative undenatured double-stranded replicative intermediate of sgRNAl is 
designated sgRNAl RI. 
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Table 1. Primers used in this study. Altered bases are in boldface italics, deletions 
are shown as underlined spaces, Kpn I recognition sites are underlined. 
Expeiimenc Primer name and sequence 








SgRNA2 promoter 4620D. CCTGAAGACGTACCTCCAAT_AAAGAAGAACCCCA 





48 lOD. CCGGGAGTACACTAGGATT_GTGAAGACAACACCAC 
48 UD. CCGGGAGTACACTAGGATT_TGAAGACAACACCACTA 
pO 18. GCCTGTTTCCCAGGATCCTATAGTGAGTCGTATTACA 
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CHAPTER 4. CHARACTERIZATION OF THE BARLEY YELLOW DWARF 
VIRUS 3' ORIGIN OF REPLICATION. 
A paper to be submitted to Virology 
Gueimadi Koev and W. Allen Miller 
Abstract 
We characterized the 3'-terminal cis-acting RNA element required for replication of 
barley yellow dwarf virus (B YDV). Computer predictions, nuclease sensitivity assays, and 
phylogenetic and mutational analyses revealed that the 3'-terminal 104 nucleotides (nt) of 
B YDV genomic RNA (gRNA) form four stable stem-loops (SL) with GNRA and UNCG 
terminal tetraloops (SLl, SL2, SL3, and SL4, 3' to 5'). Northem blot analysis of total RNA 
from oat protoplasts inoculated with wild type and mutant infectious transcripts indicated that 
each of the four stem-loops was required for virus RNA replication. No full-length minus 
strand gRNA was detected in the cells inoculated with the stem-loop deletion mutants, 
however the mutant lacking SLl produced much higher than the wild type levels of minus 
strand RNAs that were shorter than gRNA. RNA secondary structure of the stems and not 
their primary sequence was essential for replication. The sequence of the terminal loops of 
SLl and SL2 was not important, whereas mutations in the terminal loops of SL3 and SL4 
abolished or reduced viral RNA replication to various degrees. Deletion mutagenesis 
showed that the 104 nt region containing the four stem-loops was sufficient for low level 
RNA replication, however sequences upstream were needed for full activity. We propose 
83 
that the 104 nt region at the 3' terminus of BYDV is the viral replication origin that promotes 
minus strand synthesis of BYDV gRNA. 
Introduction 
Involvement in RNA replication is an obvious role for the 3' termini of positive sense 
RNA viruses. In amplification of viral genome, negative sense (antigenomic) RNA synthesis 
initiates at the 3' genomic terminus. Viruses have evolved a variety of 3' terminal structures 
that serve as promoters for the minus strand synthesis (14, 26). These are referred to as 3' 
origins of replication. A well-characterized 3' element is the tRNA-like structure (TLS) 
found in several groups of plant RNA vimses (rev. in (75)). The TLS is required for 
replication of brome mosaic virus (BMV) RNA because it contains promoter elements for 
antigenomic RNA synthesis (88). Recently, it was demonstrated that in vitro, a promoter for 
the mmip yellow mosaic virus (TYMV) replicase can be reduced to a single-stranded 
CC(A/G) run, and a new role for the TLS was suggested where its secondary structure 
prevents initiation at internal CCA elements (123) and downregulates antigenomic RNA 
synthesis by binding translation factor EF-la (26). Despite the sequence and secondary 
structure differences from true tRNAs, TLS exhibit tRNA mimicry. They can be 
aminoacylated by host aminoacyl transferases (not always required for replication (35)) and 
are recognized as a substrate by the CCA nucleotidyltransferase, which helps maintain the 
correct 3' terminus over numerous rounds of replication. Thus, TLS serve a telomeric 
function in viruses that possess them (111). It has been suggested that TLS are molecular 
remnants of the RNA world, and that their original function was to tag RNA genomes for 
replication (145). Thus, RNA promoter may have been the original function of tRNAs, and 
their role in translation evolved later. 
Heteropolymeric RNA sequences that do not exhibit tRNA mimicry constitute 
another broad group of viral 3' termini. Variable in size and sequence, many of them contain 
conserved secondary structural elements that play a role in RNA replication. Tne 3' UTRs of 
viruses in such unrelated groups as carmovirus (125), coronavirus (45, 146), pestivirus (148), 
tombusvirus (41), rubivirus (19), and others, contain stable secondary and tertiary structural 
elements indispensable for replication. Host factors and viral replication proteins can bind 
specifically to such structures, and often their binding ability correlates with replication 
competence (rev in (64)). 
Similar to eukaryotic mRNAs, many viruses contain poly(A) tails at their 3' termini. 
While generally recognized as stability and translational control elements, poly(A) tails can 
also affect virus replication (115). However, presence of a poly(A) tail does not exclude 
involvement of the upstream genomic 3' sequences, and the higher order RNA structures 
they can form, in virus replication. For example, the polyadenylated genomes of 
coronaviruses and potyviruses also contain stem-loops in their 3' UTRs that are required for 
replication (39, 45). Picomaviruses have tertiary structural elements, pseudoknots, in their 3' 
UTRs that support replication. Several smdies have demonstrated the importance of the 3' 
pseudoknots or kissing stem-loops for efficient replication of different picomaviruses (80, 
95, 106, 138). On the other hand, deletion of the entire 3' UTRs in poliovirus and human 
rhinovims, while severely inhibiting viral growth, did not abolish replication, suggesting that 
template recognition by the replicase might not be as specific as originally believed (128). 
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Co-compartmentalization of the replicase with the template RNA may also play an important 
role in specificity of RNA amplification (128). 
In this study we characterized the 3' terminal region that is necessary for replication 
of the barley yellow dwarf virus (BYDV) genome. B YDV is a single-stranded, positive 
sense RNA virus, the tj^e member of the genus Luteovirus in the family Luteoviridae (84). 
It has an uncapped, non-polyadenylated 5.7 kb genomic RNA (gRNA) that contains six open 
reading frames (ORFs) (Fig. lA). During infection, BYDV generates three subgenomic 
RNAs (sgRNAs). Viral gRNA serves as a messenger for ORFs 1 and 2, where ORF 2 is 
expressed by translational frameshifting (11). The role of the 39 kDa protein encoded by 
ORFl is unclear, whereas the 99 icDa frameshift product of ORFs 1 and 2 is the viral RNA-
dependent RNA polymerase (RdRp). The RdRp gene of BYDV has been assigned to 
supergroup 2 (60). Like the majority of viruses in this group, BYDV contains a 
heteropolymeric sequence at its 3' end. Our previous smdies have shown that sequences in 
the 3' region of BYDV genome are involved in regulation of translation (143). Here we 
characterize 3' proximal cis-elements required for BYDV RNA replication. We show that 
the 104 3' terminal nucleotides of BYDV gRNA form four stable phylogenetically conserved 
stem-loop structures that contain terminal GNRA and UNCG tetraloops. We suggest that 
these structures constitute the viral 3' origin of replication. A combinadon of primary RNA 





The 3' terminus of BYDV is predicted to fold into four stem-loops. Because of 
the well-documented importance of higher order RNA structure in viral replication, we 
analyzed the 3' terminus of BYDV gRNA for potential formation of RNA secondary 
structure. Using the MFOLD program (77, 151, 152) we predicted two alternative 
conformations of BYDV 3' terminus (Fig. IB): the most energetically stable (AG=-46.9 
kcal/mol) and a suboptimal conformation (AG=-45.4 kcal/mol). Both structures consist of 
four stem-loops (SLl through SL4) that contain terminal tetraloops. The tetraloops of SLl, 
SL3, and SL4 fit the GNRA consensus (N is any nucleotide, R is a purine). The SL2 
terminal loop is a UNCG tetraloop. Both GNRA and UNCG tetraloops have been shown to 
confer unusually high stability to their stem-loop structures due to non-Watson-Crick 
interactions between the nucleotides in the loops (20, 42, 135). The most stable predicted 
conformation differs from the suboptimal strucmre only by a shorter SL2 and base-pairing of 
the 3'-terminal four bases (ACCC-3') (Fig. IB). 
To test if the predicted structure is phylogenetically conserved, we aligned the 3' ends 
of several BYDV strains . This showed high sequence conservation in this region (Fig. IC). 
However, variation was found that supported existence of some structures. For example, the 
first A in the GAAA tetraloop of SLl is changed to a U in BYDV-MAV. Also, in SL3, the 
third nucleotide of ±e tetraloop GCAA is changed to a G in BYDV-MAV. These changes 
stiU fit the GNRA tetraloop consensus. The variable nucleotides in the single-stranded 
regions do not change their single-stranded nature. Two base-pair covariations were found in 
SL3 and SL4 that support existence of these strucmres. The variation analysis, however, did 
not allow us to distinguish between the two predicted stmctures. Sequence variation 
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suggested that both BYDV-MAV and BYDV-PAV-Japan contain larger internal bulge in 
SL4, which in B YDV-PAV-Australia is limited to three unpaired adenosines (Fig. IB). 
Nuclease probing of the 3* terminal RNA secondary structure. To determine the 
type of structure formed by the 3' terminus of BYDV in solution, we probed its structure 
using the single strand-specific chemical nuclease imidazole and ribonuclease T1 that cuts 
single-stranded guanosines (28, 93, 137). Imidazole failed to cleave the tetraloop nucleotides 
probably due to the non-Watson-Crick interactions within the loops (Fig. 2). However, 
guanosines in the GNRA tetraloops were sensitive to the T1 nuclease, whereas those in the 
regions predicted to be base-paired appeared insensitive. The region 5'-ACUC-3' (nt 5638-
5641) appeared sensitive to imidazole cleavage, which was inconsistent with the suboptimal 
strucmre (Fig. IB) where this region forms the base of SL2 by pairing with 5'-GGGU-3' (nt 
5619-5622). However, the region 5'-GGGU-3' (nt 5619-5622) was imidazole-insensitive 
(Fig. 2). This can be explained by base-pairing of the 5'-GGGU-3' region with the 3' 
terminus (5'-ACCC-3') of BYDV, as predicted in the optimal conformation. Therefore, the 
structural probing data supported formation of the calculated most stable structure with the 3' 
terminal nucleotides base-paired to the region between SL2 and SL3 (Fig. 2). 
The 3' terminal stem-loops are required for viral RNA replication. To test the 
importance of the 3' terminal stem-loop structures for viral RNA replication, we constructed 
mutants in the full-length infectious clone of BYDV (PAV6) that contained deletions of each 
stem-loop (3'SLID through 3'SL4D, Fig. 3A). Also, in order to test whether the region 
containing the four stem-loops is sufficient to support viral RNA replication, we designed an 
additional mutant, 3'SL5D, that contained a deletion of nt 5503-5567 just upstream of SL4. 
Because portions of the 3' terminal region of BYDV genomic RNA have been implicated in 
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translational regulation, we tested these mutants for translation in wheat germ extract. All 
five mutant transcripts translated similarly to wild type (PAV6), producing abundant 39 kDa 
product of ORFl and low levels of the 99 kDa frameshift product, the viral RdRp (Fig. 3B). 
None of the full-length viral in vitro transcripts containing the stem-loop deletions replicated 
(Fig. 3C). The mutant 3'SL5D replicated very poorly (Fig. 3C) suggesting that while the 
region containing the four 3' terminal stem-loops is sufficient for a basal-level replication, 
upstream sequence (bases 5503-5567) is required for wild type activity. 
Low levels of (-)gRNA and (-)sgRNAs accumulated in cells infected with the wild 
type virus and none were detected in cells inoculated with the deletion mutants 3'SL2D 
through 3'SL5D (Fig. 3C). Due to the very low abundance of the negative strand viral RNA, 
Northern blot hybridization was not sensitive enough to detect negative strand RNA species 
of the poorly replicating mutant 3'SL5D. Literestingly, the mutant 3'SLID, which lacked 
SLl, consistently produced very high amounts of negative strand RNA with the molecular 
mass lower than that of the full-length gRNA (Fig. 3C). 
Helical regions of the 3' terminal stem-loops are necessary for replication. To 
test the role of the primary sequence versus the secondary stmcture of the stems in SL1 
through SL4, we designed a series of mutations that disrupted and restored these heUces. 
Three mutants were generated for each stem-loop: the 3'-proximal arm, the 5'-proximal arm, 
or both arms were mutated such that each single arm mutant disrupted base-pairing and the 
double mutant restored base-pairing (Fig. 4A). To distinguish between the two possible 
conformations of SL2 (Fig. IB), we designed two groups of mutants for this strucmre. In the 
first group we assumed that SL2 formed a long stem, as predicted in the suboptimal 
conformation (mutants 3'SL21 through 3'SL23, Fig. 4A), and in the second group we 
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assumed that it formed a short stem, as predicted in the optimal structure and supported by 
the nuclease sensitivity assay (mutants 3'SL2U1 through 3'SL2U3, Fig. 4A). Mutants with 
the stem structures disrupted in SLI, SL3, and SL4 failed to repUcate, whereas restoration of 
these stems in the double mutants restored virus replication to the wild type level in SL3 and 
to levels lower than the wild type in SLI and SL4 (Fig. 4B). The mutant 3'SL14, which 
contained a deletion of the four bulged nucleotides in SLI (Fig. 4A), replicated at the wild-
type level indicating that the bulges in SLI are not required for replication (Fig. 4B). These 
data showed that the secondary structures of the stems in SLI, SL3, and SL4, and not their 
primary RNA sequences, are required for replication. 
The disruption of the proximal end of the predicted stem in SL2 (alternative) was 
lethal in 3'SL22, and dramatically decreased but did not abolish RNA replication in 3'SL21 
(Fig. 4B). The double mutant 3'SL23 failed to restore replication (Fig. 4B) indicating either 
a primary RNA sequence (GGGU) requirement in this region or that the double mutant 
folded in an unpredicted nonfiinctional conformation or the erroneous nature of the 
suboptimal conformation of SL2. On the other hand, distal disruption mutants (3'SL2U1 and 
3'SL2U2) were severely debilitated, and the double mutant 3'SL2U3 restored replication to 
the wild type level (Fig. 4B). Taken together, these data suggest that SL2 forms the most 
energetically stable conformation, and that its secondary strucmre is important for 
replication. 
Role of the terminal tetraloops in replication. Because of the previously reported 
importance of GNRA and UNCG tetraloops in RNA structure and function (34, 49, 97, 147), 
we elucidated the requirements for the terminal loop sequences in SLI, SL2, SL3, and SL4 
for virus RNA replication. In a series of mutants (Fig. 5A), the sequence of the loop in SLI 
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(GAAA) was altered to a UNCG tetraloop (UUCG), another GNRA tetraloop (GAGA), and 
a non-tetraloop sequence (GACA). All these nautants replicated at the wild type level, as did 
the mutant with the SL2 tetraloop (UUCG) changed to the complementary sequence (AAGC) 
(Fig. 5B), indicating that the sequences of the terminal loops in SLl and SL2 are not 
important for virus RNA replication. 
Alteration of the SL3 tetraloop sequence (GCAA) to its complement (CGUU) 
abolished virus replication (Fig. 5B). Changing it to a UNCG tetraloop (UUCG), a different 
GNRA tetraloop (GCGA), and a non-tetraloop sequence with only one base different from 
the wild type (GCCA), restored replication to various degrees but never to the wUd type level 
(Fig. 5B). The mutant 3'SL3GCGA, which had one base different from the wild type 
sequence and fit the GNRA consensus, replicated at the highest level. Similar results were 
obtained with the SL4 tetraloop mutants designed in the same fashion as those of SL3 (Fig. 
5A). Although none of the mutations abolished virus replication, they all inhibited it to 
various degrees (Fig. 5B), indicating that the original wild type sequence GAAA is optimal. 
Discussion 
Role of stem-loop structures in replication. In this smdy we identified a cis-acting 
element at the 3' terminus of BYDV RNA that is required for vims replication. The fmding 
of extensive RNA secondary strucmre in this region was not unexpected, but identification of 
four consecutive stem-loops with terminal tetraloops was rather striking. Extremely stable 
structures that contain terminal GNRA and UNCG tetraloops have been implicated in protein 
binding and formation of RNA tertiary structure (34, 49, 97, 147). Binding of genomic 3' 
UTRs by viral and host cellular proteins has been well documented in various viruses (rev. in 
(64)), therefore a similar protein binding role could be expected of the 3' terminal tetraloops 
of BYDV. Formation of the RNA tertiary structure important for virus replication has also 
been shown (80, 95, 106, 138). However, the types of tertiary folding found in viruses are 
limited to pseudoknots and kissing stem-loops formed by conventional Watson-Crick base-
pairing of relatively distant RNA elements. GNRA tetraloops have been involved in a 
different type of tertiary interactions, in which they bind RNA helical regions containing 
specific receptors, as found in the group I intron of Tetrahymena thermophilia and the td 
intron of the bacteriophage T4 (15, 21, 108). A possibility of such tertiary interactions in 
BYDV can be explored. 
Interestingly, our mutagenesis showed that sequences of the SLl and the SL2 
terminal tetraloops were not important for replication. The loop sequence changes in the SL3 
and the SL4 tetraloops were more deleterious. However, only one tetraloop mutation, 
3'SL3CGUU, completely abolished the virus' ability to replicate. Nevertheless, a preference 
for a GNRA tetraloop was obvious, because mutants that maintained tetraloop consensus 
(3'SL3GCGA and 3'SL4GAGA) replicated at the highest levels in their groups. The lack of a 
requirement for specific sequences in the loops of essential stem-loops has been 
demonstrated in turnip crinkle virus (TCV) (125) and cymbidium ringspot virus (CymRSV), 
which also contains a 3' terminal GNRA tetraloop (41). On the other hand, red clover 
necrotic mosaic virus (RCNMV) RNA2 was unable to replicate with an alteration in the loop 
of the 3' terminal stem-loop structure (130). A GNRA tetraloop in the 5' terminal stem-loop 
structure of potato virus X (PVX) is important for virus replication (82). A PVX mutant with 
a loop sequence alteration was able to replicate in plants. However, after two passages in 
planta, the wild type tetraloop sequence was recovered, indicating selective advantage of the 
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GNRA sequence (81). A similar in planta experiment with mutant B YDV tetraloops may 
provide some clues to the optimal structural features of the replication origin of the virus. 
Due to the mandatory aphid transmission for plant infection by B YDV, such experiments are 
technically difficult, and therefore they were not attempted in this study. 
The stem mutagenesis in SLl through SL4 showed the importance of the secondary 
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structure of helical regions and a relaxed primary sequence requirement. This is consistent 
with similar smdies performed with 3' replication elements of other RNA viruses like TCV 
(125), CymRSV (41), RCNMV (130), tobacco etch vims (TEV) (39), bovine viral diarrhea 
virus (BVDV) (148), alfalfa mosaic virus (AMV) (134), and others. On the other hand, in 
beet necrotic yellow vein virus, both the primary and the secondary structures of the 3' 
helical regions were indispensable for replication (68). The secondary structure of 3' 
terminal stem-loops of RNA viruses has been shown to be important for protein binding (19, 
48). Perhaps, failure to bind important replication factors rendered the stem disruption 
mutants non-viable. 
Role of upstream sequence elements in replication. Based on our inability to 
detect full-length (-)gRNA in replication-deficient stem-loop deletion mutants and the lack of 
apparent translational defects in these mutants, we suggest that the 3' terminus of B YDV 
serves as a replication origin by promoting (-)gRNA synthesis. The 3' terminal 104 nt that 
contain the four stem-loops, however, were not sufficient for the wild type replication level 
so sequence upstream (bases 5503-5567) must play a supporting role. Elements located 
upstream of the 3' terminal TLS stimulate replication of brome mosaic virus (BMV) and 
tobacco mosaic virus (TMV) RNAs (61, 127). In TCV and RCNMV genomes, elements 
located hundreds of nucleotides upstream of the 3' end are needed for efficient replication 
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(16, 130). This reflects the complexity of RNA virus replication. It is possible that other 
upstream elements of the B YDV genome may play a role in the (-)gRNA synthesis as was 
reported in other viruses. We can rule out bases 2789-4515 that can be deleted without 
negatively affecting B YDV replication (96). In the bacteriophage QP RNA, an internal 
region 1.5 kb upstream of the 3' end is the actual replicase binding site (13). Long-distance 
base-pairing delivers the replicase complex to the 3' end (57). Human rhinovirus contains an 
internal RNA element required for replication (79), and a part of the intergenic region of the 
BMV RNA3 greatly enhances its replication (30). 
Potential means of regulation of (-) strand RNA synthesis. Accumulation of 
abundant, less-than full-length negative strand RNA in the SLl deletion mutant was 
surprising. This could indicate increased minus strand initiation rate in the absence of SLl 
combined with the decreased processivity of the viral replicase which made it unable to 
complete full-length (-)gRNA synthesis. This phenomenon requires further investigation. 
Another surprising finding of this smdy was the inferred double-stranded nature of the 
BYDV 3' terminus (5'-ACCC-3'). The biological relevance of this base-pairing is suggested 
by the replication deficiency of the mutants 3'SL22 and 3'SL23, where it would be disrupted. 
Because of the conservation of the 3'-terminal 5'-CCC-3' sequence in the majority of viruses 
in the supergroup 2, a compensatory double mutation restoring this base-pairing most likely 
would be lethal and therefore it was not attempted. In viruses that contain a TLS, the 3' 
terminal nucleotides are usually unpaired, which makes them accessible to the replication 
complex. It is tempting to speculate that the putatively base-paired 3' end of BYDV RNA is 
a strategy for the negative regulation of the (-)gRNA synthesis. At a certain stage of 
infection, a conformational change may melt the 3'-terminal base-pairing and make it 
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accessible to the RdRp. Base-pairing has been implicated in preventing initiation of minus 
strand RNA synthesis from promoter-like elements within the TLS in TYMV (123). Also in 
TYMV, binding of the EF-la is suggested to limit RdRp access to the minus strand promoter 
(26). Conceivably, such a mechanism may mediate an important regulatory switch between 
negative and positive strand synthesis, or between translation and. replication, since these two 
processes are incompatible on the same RNA molecule. Possible regulatory conformational 
changes in viral 3' UTRs have been suggested for AMV (103) and flaviviruses (110). 
The findings of this study represent yet another example of a viral replication origin, 
further demonstrating the diversity of replication cis-elements that RNA viruses have 
evolved. Our characterization of the B YDV 3' origin of rephcation is a step towards 
understanding the composition and the mechanism of formation of viral rephcation 
complexes. Strategies for identification of the viral and host cell proteins interacting with the 
3' origin of BYDV are being considered. 
Materials and Methods 
Plasmids. The mutant constructs were derived from the full-length infectious clone 
of BYDV, pPAV6 (23), by PCR-mediated site-directed mutagenesis using Vent DNA 
polymerase (New England Biolabs). The mutants p3'SLlD, p3'SLlUUCG, p3'SLlGAGA, 
p3'SLlGACA, p3'SLll, p3'SL12, p3'SL13, p3'SL14, and p3'SL2D were constructed by PGR 
amplification of the 3' portion of the BYDV genome with the downstream mutagenic primers 
listed in Table I and the upstream primer CB0416 
(GGTCTAGATAATACGACTCACTATAGGGTACACAAACAAGCGAAT). The product 
was digested with the restriction endonucieases Kpn I and Sma I, purified by 0.8% low-melt 
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agarose gel electrophoresis, and inserted into pPAV6 cut with the same enzymes. The 
remaining mutants were generated by two-step PCR (67). In the first step, upstream 
mutagenic primers listed in Table 1 were used with the downstream primer 3'wt 
(ATACCCCGGGTTGCCGAA). The product was gel-purified and used as a downstream 
primer in the second step PCR with the upstream primer CB0416. The second step PCR 
product was cut with Kpn I and Sma I, gel-purified and placed in pPAV6 cut with the same 
enzymes. The construct p3' used for RNA structural probing was generated by subcloning a 
Bgl IL-Sal I fragment of pgl016, containing the 3' end of BYDV, into pSS I (93) cut with 
BamH I and Sal I. Plasmid preparations were performed using the QuantumPrep DNA 
purification kit (Bio-Rad). All mutants were confirmed by sequencing. 
Protoplast infection and Northern blot analysis. Wild type and mutant infectious 
transcripts were generated by in vitro transcription of Sma I-linearized plasmids using 
Megascript T7 RNA polymerase system (Ambion, Austin, TX). We used 10-15 fig of RNA 
for electroporation of oat protoplasts prepared as described in (25). Total RNA was extracted 
from protoplasts -24 hours postinoculation (hpi) using RNeasy plant RNA isolation kit 
(QIAGEN, Los Angeles, CA). For minus strand detection, RNA was isolated following the 
procedure described in (119), using aurin tricarboxylic acid as RNase inhibitor. RNA (5-10 
|ig) was analyzed by northern blot hybridization essentially as described in (119). A "P-
labeled riboprobe complementary to the 3' terminus of BYDV was used to detect viral gRNA 
and sgRNAs. For positive strand detection, plasmid pSPlO (24) was Linearized with Hind EH 
and transcribed in vitro with T7 RNA polymerase (New England Biolabs). For negative 
strand detection, the same plasmid was linearized with Sma I and transcribed in vitro with 
SP6 RNA polymerase (Promega, Madison, WI). GeneScreen nylon membranes (Dupont) 
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were hybridized with the probes and exposed to Phoshporlmager screens (Molecular 
Dynamics, Sunnyvale, CA) for 5-24 hours (positive strand detection) or 2-4 days (negative 
strand detection). 
Transcripts of the stem-loop deletion mutants were tested for translation in wheat 
germ extract translation system (Promega, Madison, WI) following manufacturer's 
instructions, using ^^S-labeled methionine, essentially as described in (142). Translation 
products were analyzed by SDS-PAGE (10% acrylamide) as described in (142). All 
experiments were performed at least twice. 
RNA sequence and structure analysis. Sequence alignments of BYDV isolates 
were performed using GCG software. RNA secondary structure predictions were done using 
the MFOLD program, version 3.0, at the MFOLD website 
(http://mfold2.wustl.edu/~mfold/ma/forml.cgi) (77, 152). RNA secondary structure probing 
was performed on in vitro transcripts 5' end-labeled with ^"P essentially as described in (28, 
93, 137). The transcripts were derived from p3' linearized with Sma I. 
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Figure legends 
Fig. 1. (A) Genome organization of BYDV. The horizontal lines represent genomic 
and subgenomic RNAs (sgRNA). Filled rectangles show open reading frames (ORFs) 
indicated by number (1 through 6) and by encoded products (RdRp, RNA dependent RNA 
polymerase; CP, coat protein; MP, putative movement protein; AT, aphid transmission 
protein). Molecular masses of protein products are indicated in kilodaltons (K). (B) 
Potential secondary structores of BYDV 3' terminus predicted by MFOLD (77, 152). The 
optimal and suboptimal conformations are shown with the free energy (AG) indicated for 
each structure. Nucleotides that vary in different strains of BYDV are in boldface italics. 
Base-pair covariations that preserve proposed secondary structure are boxed. Nucleotide 
variations that do not preserve secondary structure are circled. (C) Sequence alignment of 
the 3" termini of BYDV strains: PAV-Australia (pav-aus, accession X07653), MAV (mav), 
PAV-Japan (pav-jap, accession D85783). In the consensus sequence, bases conserved in all 
strains are shown in upper case, those conserved in two strains are shown in lower case. 
Gaps are designated by dots. Dashes indicate bases identical with the consensus. Numbers 
that show nucleotide positions refer to the positive sense of BYDV-PAV-Australia gRNA. 
Fig. 2. Solution structure of the 3' terminus of BYDV as determined by nuclease 
sensitivity assays (data not shown). Bases sensitive to imidazole cleavage are indicated by 
arrowheads, those sensitive to the T1 ribonuclease are indicated by open triangles. The 
assays were performed as described in (28, 93, 137). 
Fig. 3. Characterization of the stem-loop deletion mutants. (A) Diagram of the 
mutants with deleted regions shown in boxes. (B) Translation of the wild type (PAV6) and 
mutant RNA transcripts in a wheat germ extract translation system (Promega, Madison, WI). 
'^S-labeled translation products were resolved by SDS-PAGE (10% acrylamide). Names of 
mutants are shown above each lane. Marker lane, designated BMV, shows translation 
products of brome mosaic virus (BMV) RNAs. Product sizes are indicated in kilodaltons 
(kDa). (C) Accumulation of PAV6 and deletion mutant RNAs as determined by northern 
blot analysis of total RNA isolated from infected oat protoplasts -24 h after inoculation. The 
left panel shows accumulation of the positive strand viral RNAs, the right panel shows 
accumulation of the negative strand. The probe was complementary to the 3' terminal 1.5 kb 
of BYDV gRNA. The migration of the viral genomic RNA (gRNA) and subgenomic RNAs 
(sgRNA) are indicated. 
Fig. 4. Effect of the stem-loop secondary stmcture on virus RNA replication. (A) 
Diagram of the mutants with disrupted and restored helical regions shown in boxes. Altered 
bases are in boldface italics. The SL2 mutants based on the suboptimal strucmre (SL2 
alternative) are in the dashed box. (B) Accumulation of viral RNAs in protoplasts 
inoculated with the wild type (PAV6) or the mutant transcripts as detected by northern blot 
hybridization of total RNA isolated from infected oat protoplasts ~24 h after inoculation. 
Fig. 5. Effect of the terminal tetraloop sequence changes on virus RNA replication. 
(A) Diagram of the mutants with altered loop sequences shown in boxes. (B) Accumulation 
of viral RNAs from protoplasts inoculated with the wild type (PAV6) or the mutant 
transcripts as detected by northem blot hybridization of total RNA isolated from infected oat 
protoplasts -24 h after inoculation. 
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Table 1. PCR primers used for site-directed mutagenesis. Altered bases are in 
boldface itaUcs, deletions are shown as underlined spaces. 
Constnict Primer name and sequence 
p3'SLlD 3'SLID. ATACCCCGGGTT_GTTAAGAGTACCCCGA 
p3'SL2D 3'SL2D. ATACCCCGGGTTGCCGAACTGCTCnTCGAGTGTCAGCGTT-
AA.CCAACACATTGCTGT 
p3'SUD 3'SL3D. ACCGAAAGGAAAGCCAGTAT_GGGTCACACCTTCGGG 
p3'SL4D 3'SL4D. GAACCGTGTCCACGGGC_TATCCAACACAGCAA 
p3'SL5D 3'SL5D.AGCAAGCTCTGAGCCAGGAGA_CGGGCCTGGTTACCG 







p3'SL21 3'SL21. CACACCCTTCGGGGTTCGGTTAACGCTGACACTCG 




p3'SL2U2 3'SL2U2. GTGTTGGGGGTCACAGGCTTCGGGGTACTCTTA 
p3'SL2U3 3'SL2U3. GTGTTGGGGGTCACAGCGTTCGCCCTACrCTTAACGCrGACA 
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CBLAPTER5. GENERAL CONCLUSIONS 
Transcriptional control of BYDV 
Research results presented in this dissertation demonstrate the complexity of 
transcriptional regulation of BYDV gene expression. BYDV has evolved three extremely 
divergent promoters for transcription of its sgRNAs. They vary in size, RNA sequence, 
secondary structure and location relative to the transcription start sites. The sgRNAl 
promoter is 98 nt long and located mostly upstream of the sgRNAl start site. It folds into 
two stem-loop structures. The sgRNA2 promoter was mapped to a 143 nt region located 
entirely downstream of the sgRNA2 start site. It is predicted to fold into a cloverleaf-like 
structure (branched stem-loops). The sgRNA3 promoter is the smallest promoter of BYDV. 
At most 44 nt long, it is predicted to fold into a hairpin and a single-stranded region. No 
sequence homology could be found between the three promoters except the six nucleotides 
GUGAAG (positive sense) in sgRNAl and sgRNA2 promoters. These smdies demonstrated 
for the first time that an RNA vims with multiple sgRNAs can have such different promoters 
that control their synthesis. 
Several directions of future research can be envisioned based on the findings 
presented here. First, the mechanism of sgRNA synthesis in BYDV has yet to be elucidated. 
Development of an in vitro transcription-replication system, in which to test BYDV RNA 
constructs containing the mapped promoter regions, would help to address this issue. 
Second, the roles of sgRNA2 and sgRNAS remain unclear. The mutants deficient in 
synthesis of these sgRNAs should be tested for their ability to form virions and to be 
transmitted to plants by aphids. Monitoring stability of the mutations and possible recovery 
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of revertants and second-site mutants will shed light on the role of the sgRNAs 2 and 3 in the 
viral life cycle. 
Third, the sgRNA2-deficient mutant will help to test the translation regulation model 
in which sgRNA2 plays the role of a switch between the early and the late gene expression 
(141). Monitoring the levels of viral protein accumulation in protoplasts (or plants) infected 
with the wild type and sgRNA2-lacking viruses may yield some clues as to the validity of the 
model. It was also suggested that the 3' TE might cause plant gene expression shut-off 
during infection. The sgRNA2-deficient mutant may be useful in testing this hypothesis 
because sgRNA2 provides a very high supply of the 3' TE. 
Fourth, the issue of specific recognition of the different promoters by B YDV 
replicase needs to be addressed. To test the idea that the specificity is controlled by the host 
factors, an attempt should be made to isolate host proteins that bind to the subgenomic 
promoters. This could be accomplished by using several approaches including, 
electrophoretic mobility shift assays (gel-shifts), UV-crosslinking, or yeast 3-hybrid system. 
Finally, characterization of the sgRNA2 and sgRNA3 promoters needs to be 
continued. Site-directed mutagenesis of the promoters will help to identify RNA primary and 
secondary structural requirements for sgRNA synthesis. 
RepUcation of BYDV RNA 
Characterization of the BYDV 3' origin of replication has contributed to our 
knowledge of cis-acting signals involved in replication of RNA viruses. The 3' replication 
origin of BYDV forms four stable stem-loops with terminal tetraloops. A combination of the 
RNA primary sequence and secondary structure is required for viral repUcation. This 
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element represents another divergent promoter recognized by the B YDV replicase. This 
study is the first step towards elucidation of the mechanism of B YDV RNA replication. 
These are some of the potential research directions to be explored in future. 
First, viral and host proteins that bind the 3' origin of replication should be isolated 
and identified. Host factor involvement in replication of various RNA viruses has been 
repeatedly documented (64). 
Second, the possibility of the RNA tertiary folding mediated by the tetraloops should 
be explored. RNA structure probing methods sensitive to tertiary structures and UV-
crosslinking should be used. 
Third, the SLl and SL2 tetraloop mutants should be tested in planta in an attempt to 
determine the role of these tetraloops in the viral life cycle. 
Fourth, the increased minus strand RNA synthesis by the mutant 3'SLID, which lacks 
SLl, needs to be explored. An in vitro replication system would be helpful for this purpose. 
Fifth, other repUcation cis-elements need to be identified in the B YDV genome. The 
5" end of gRNA is predicted to form a series of stem-loops which may be important for 
replication. Also a possibility of the internal regulatory regions involved in replication 
should be explored. 
Regulation of transcription and replication 
As demonstrated in the studies presented in this dissertation, B YDV RNA has several 
promoter elements that serve as signals for RNA synthesis. All these promoters are 
extremely divergent in their sequence and secondary structure, which raises a question; how 
are such different elements recognized by the same viral replicase? One possibility is that 
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B YDV RdRp uses different host factors for recognition of different promoters (Fig. 1). The 
factors may bind promoters on BYDV RNA and recruit RdRp via protein-protein 
interactions. The rate of transcription can be affected by the relative abundance of the host 
factors, their affinity to the promoters and affinity of the RdRp to the host factors. The 
amount of certain factors at various stages of viral life cycle may also regulate transcription 
and replication. For example, the excess of factor A at early stages will result in intensive (-
)gRNA synthesis, whereas increasing concentrations of factors B, C, D, and E later would 
potentially inhibit (-)gRNA synthesis and mediate transcription of sgRNAs and (+)gRNA 
synthesis. As speculated in chapter 4, binding of the putative factor A (Fig. 1) to the 3' origin 
of replication may cause an RNA conformational change that would unwind the very 3' end 
of the gRNA and make it accessible to the RdRp. 
Alternatively, the viral replicase itself may have different recognition sites for 
different BYDV promoters. Biochemical studies with the purified enzyme would help to 
determine the mechanism of transcription and replication of BYDV RNA. 
Understanding molecular mechanisms of the processes that constitute viral life cycle 
is essential to development of antiviral strategies. This study is a modest contribution to the 
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Fig. 1. A potential model for reco^tion of divergent promoters by BYDV RdRp. 
Each RNA promoter is specifically recognized by a separate host protein (factors A through 
E). The viral RdRp, depicted as a 99 kDa fusion product of the 39 kDa and the 60 kDa 
proteins, is recruited by the factors bound to the promoter regions. This allows the viral 
RdRp to initiate RNA synthesis at appropriate sites. Solid lines indicate plus and minus 
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